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PREFACE 
 

Assembly Bill 118 (Núñez, Chapter 750, Statutes of 2007) created the Clean Transportation 
Program. The statute authorizes the California Energy Commission (CEC) to develop and 
deploy alternative and renewable fuels and advanced transportation technologies to help 
attain the state’s climate change policies. Assembly Bill 8 (Perea, Chapter 401, Statutes of 
2013) reauthorizes the Clean Transportation Program through January 1, 2024, and specifies 
that the CEC allocate up to $20 million per year (or up to 20 percent of each fiscal year’s 
funds) in funding for hydrogen station development until at least 100 stations are operational. 

The Clean Transportation Program has an annual budget of about $100 million and provides 
financial support for projects that: 

• Reduce California’s use and dependence on petroleum transportation fuels and increase 
the use of alternative and renewable fuels and advanced vehicle technologies.  

• Produce sustainable alternative and renewable low-carbon fuels in California. 
• Expand alternative fueling infrastructure and fueling stations. 
• Improve the efficiency, performance and market viability of alternative light-, medium-, 

and heavy-duty vehicle technologies. 
• Retrofit medium- and heavy-duty on-road and nonroad vehicle fleets to alternative 

technologies or fuel use. 
• Expand the alternative fueling infrastructure available to existing fleets, public transit, 

and transportation corridors. 
• Establish workforce-training programs and conduct public outreach on the benefits of 

alternative transportation fuels and vehicle technologies. 
 

To be eligible for funding under the Clean Transportation Program, a project must be 
consistent with the CEC’s annual Clean Transportation Program Investment Plan Update. The 
CEC issued to PON-11-601 to provide funding opportunities for Advanced Biofuel Production. 
In response to PON-11-601, the recipient submitted an application which was proposed for 
funding in the CEC’s notice of proposed awards March 23, 2012, and the agreement was 
executed as ARV-11-018 on June 29, 2012.  
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ABSTRACT 
Edeniq develops technologies to convert biomass to sugars, which serve as feedstock for the 
manufacture of low-carbon, cellulosic ethanol as well as other biofuels and biochemicals. 
Edeniq used the funds from this project to upgrade its United States Department of Energy 
funded pilot facility to a new, continuous design – a technological breakthrough driving higher 
product yields and other process efficiencies expected to result in lower capital and operating 
costs for a commercial-scale facility.  

Edeniq designed proprietary preprocessing equipment that physically alters biomass such that 
higher solid streams can be processed efficiently. Combined with improved breakdown of the 
pretreated cellulosic and hemicellulosic substrates, conversion of biomass to sugar exceeded 
the targeted 70 percent, enabling production of an equivalent of approximately 70 gallons of 
cellulosic ethanol per ton of biomass feedstock. These conversions approach the economics 
required for a commercially viable project. The project also successfully demonstrated that 
each process step – preprocessing, pretreatment, and saccharification – can be operated 
consistently and reliably on a day-to-day production basis in excess of the two ton per day 
throughput design.  

Sustainable production of cellulosic ethanol in California would help the state meet the 
objectives of the Low Carbon Fuel Standard. Processing corn stover into ethanol using Edeniq’s 
process could result in a carbon intensity rating of as low as 25.1 grams of carbon dioxide 
equivalent per megajoule, a 74 percent reduction relative to gasoline. Edeniq evaluated a 
range of California-specific feedstock options and found corn stover to be a better option than 
switchgrass and other alternatives. 

Prospects for a commercial cellulosic ethanol project could be increased through improvements 
in feedstock supply chain development, process optimization, and cost reductions in key raw 
materials such as enzymes. The ability to scale up without significant increases in capital, 
while meeting key specifications, is challenging in all first-of-a-kind projects and will require 
long-term operating experience. 

Keywords: Edeniq, cellulosic sugars, cellulosic ethanol, corn stover, biofuels, biorefineries, 
carbon intensity, Low Carbon Fuel Standard 

Please use the following citation for this report:  
Cast, Cameron, Jason Ivanic, Lily Wachter and Richard Woods (Edeniq, Inc.). 2021. California 

Cellulosic Ethanol Biorefinery. California Energy Commission. Publication Number: CEC-600-
2021-056. 
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EXECUTIVE SUMMARY 
Edeniq, Inc. develops proprietary technologies and processes to convert biomass to low-cost 
industrial sugars, which serve as feedstock for the manufacture of low-carbon, cellulosic 
ethanol as well as other biofuels and biochemicals. Edeniq’s headquarters and pilot plant 
facilities are located in Visalia, which is in Tulare County in the heart of California’s Central 
Valley. The company currently employs 60 people, approximately 50 of whom are based in 
Visalia.  

In 2012, the California Energy Commission awarded Edeniq a $3.9 million grant under the 
Alternative and Renewable Fuel and Vehicle Technology Program. Edeniq matched this funding 
with an additional $10.5 million. 

Key project objectives and results included: 

Design and Development of a Two Ton per Day Pilot Biorefinery: Funding from the 
CEC enabled Edeniq to upgrade its United States Department of Energy funded pilot facility to 
a new, continuous design – a technological breakthrough driving higher product yields and 
other process efficiencies that are expected to result in lower capital and operating costs for a 
commercial-scale facility.  

As part of the project, Edeniq designed and deployed proprietary equipment for feedstock 
preprocessing; continuous mechanical and thermal pretreatment; and continuous 
saccharification, with separations technologies that allow separation of sugars and recycling of 
unreacted biomass and enzymes. (Saccharification refers to the process of breaking down a 
carbohydrate, such as cellulose or hemicellulose, into its component sugar molecules.)  

The overall goal is to optimize across biomass conversion yield, equipment cost, and process 
cost, while designing a process that could operate reliability with minimal down time due to 
equipment wear and failure was met in all steps except one. The new design increased 
sustainability with a particular focus on sustainable feedstock processing. Reducing energy and 
water use while increasing biomass conversion will reduce carbon intensity. 

Continuous Operation of the Pilot Biorefinery: Edeniq began operating the upgraded 
biorefinery in the fourth quarter of 2014. A key operating target was an overall conversion to 
Carbon-5 and Carbon-6 monomeric sugars of greater than 70 percent, which would enable 
production of an equivalent of approximately 70 gallons of cellulosic ethanol per ton of 
biomass feedstock. Edeniq developed preprocessing equipment that physically alters biomass 
such that higher solids streams can be processed efficiently. Combined with improved 
breakdown of the pretreated cellulosic and hemicellulosic substrates, conversions now come 
within 5 percent of the overall product objective of 70 gallons of ethanol per ton of biomass. 

The continuous mechanical and thermal pretreatment processes have now been operating 
reliably during multi-week, continuous runs. Ongoing improvements continue to decrease 
energy requirements of key equipment and minimize the use of raw materials associated with 
by-product formation that could inhibit overall product conversions and increase operating 
costs.  

The saccharification process has also operated reliably during multi-week runs. The process 
was able to create and recover sugars for fermentation at the targeted conversion rates and 
with a residence time that minimizes overall equipment size and cost. Unreacted feedstock 
was successfully recovered and re-used by separating the expensive enzymes and additives 
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from sugars and by-products, and then recycling enzymes and additives back to the process. 
This approach minimizes raw material costs as well as the amount of additional processing 
required to remove unwanted by-products and create a sugar stream that is clean enough for 
high yield fermentations to ethanol and that is free of non-fermentable suspended solids.  

The Continuous Sugars Process equipment has the potential to deliver faster reaction kinetics 
than batch vessels. Overall, the project successfully demonstrated that each step of the 
process – preprocessing, pretreatment, saccharification, and sugars extraction – can be 
operated consistently and reliably on a day-to-day production basis in excess of the two ton 
per day throughput design. Moreover, the conversions achieved approach the economics 
required for a commercially viable project.  

Evaluation of California-Specific Feedstocks: Edeniq evaluated a range of feedstock 
options, including corn stover and energy crops such as switchgrass. Evaluation criteria 
included: 

• Material composition – whether the feedstock is high in cellulosic and hemicellulosic 
content 

• Compatibility with Edeniq’s pretreatment process – whether the feedstock can be 
mechanically processed to properties consistent with optimal ethanol conversion while 
minimizing energy and water requirements 

• Availability – whether the feedstock is available in sufficient abundance and at sufficient 
density to be efficiently transported to a production facility in California 

• Economics – whether feedstock collection and/or production economics are sufficient to 
support long-term biofuel production in California 

• Sustainability – whether the feedstock is consistent with low-carbon intensity biofuel 
production and does not have a negative impact on California land use 
 

Edeniq’s analysis concluded that, in California, corn stover is the feedstock with the best 
overall profile for economic and sustainable cellulosic ethanol production. However, improved 
collection techniques and lower prices for delivered stover in California may be needed to 
support a commercial-scale cellulosic ethanol project in the state.  

Life-Cycle Assessment of Edeniq’s process: A key objective of the project was to 
demonstrate that Edeniq’s process could reduce greenhouse gas emissions by over 60 percent 
relative to corn-based ethanol production, if deployed in commercial-scale, cellulosic ethanol 
production in California. 

UC Davis completed a life cycle assessment of Edeniq’s process. The analysis assumed that a 
small bolt-on plant would produce cellulosic sugars from corn stover and that these sugars 
would be processed into cellulosic ethanol inside an existing corn ethanol plant. This 
configuration minimizes capital and operating costs. 

The UC Davis analysis found that Edeniq’s process could result in a carbon intensity rating of 
as low as 25 grams of carbon dioxide equivalent per megajoule, a 74 percent reduction 
relative to gasoline. Assumptions around the stover harvest rate, and whether residual lignin is 
added to distiller’s grains or combusted, have a significant impact on carbon intensity.  

This project resulted in significant technological advances toward commercial production of 
cellulosic biofuels in California. Edeniq plans to explore commercial opportunities at an existing 
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corn-ethanol plant, such as one of the four plants in California. In a commercial setting, the 
goal would be to produce cellulosic ethanol at a competitive cost, likely $2.00 per gallon or 
less, inclusive of depreciation and return on capital. Achieving this goal will require ongoing 
improvements in feedstock supply chain development, process optimization, and cost 
reductions in key raw materials such as enzymes, as well as long-term operating experience 
and the continued development of biochemical options for by-products. Sustainable production 
of cellulosic ethanol in California would help the state meet the objectives of the Low Carbon 
Fuel Standard.  
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CHAPTER 1: 
Overview 

1.1 Project Description  
Edeniq, Inc. develops proprietary technologies and processes to convert biomass to low-cost 
industrial sugars, which serve as feedstock for the manufacture of low-carbon, cellulosic 
ethanol as well as other biofuels and biochemicals. Edeniq’s headquarters and pilot plant 
facilities are located in Visalia, which is in Tulare County in the heart of California’s Central 
Valley. The company currently employs 60 people, approximately 50 of whom are based in 
Visalia.  

In 2012, the California Energy Commission (CEC) awarded Edeniq a $3.9 million grant under 
the Alternative and Renewable Fuel and Vehicle Technology Program. Edeniq matched this 
funding with an additional $10.5 million. 

The grant was part of California’s Alternative and Renewable Fuel and Vehicle Technology 
Program, which provides funding for the development of new, California-based biofuel 
production facilities. The grant funded further development of and innovative enhancements 
to Edeniq’s proprietary cellulosic biomass conversion technology. Scale up and 
commercialization of the technology will enable the low capital cost addition of cellulosic 
ethanol production to existing corn-based ethanol plants. 

Edeniq’s cellulosic ethanol pilot plant was originally constructed in partnership with Logos 
Technologies under a $25 million (including matching funds) United States Department of 
Energy program. The CEC grant award enabled Edeniq to upgrade this pilot facility to a new, 
continuous design – a technological breakthrough driving higher product yields and other 
process efficiencies that are expected to result in lower capital and operating costs for a 
commercial-scale facility. The facility has the capacity to convert two dry tons per day of 
feedstock into enough cellulosic sugars to produce 50,000 gallons of ethanol per year, if 
operated continuously. 

Key project objectives included: design and development of a two ton per day pilot biorefinery, 
continuous operation of the pilot biorefinery, evaluation of California-specific feedstocks, and 
completion of a life-cycle assessment of Edeniq’s process. To meet these objectives, Edeniq 
completed feedstock evaluation, pretreatment and enzyme tests, equipment development and 
optimization, and demonstration of a two ton per day cellulosic ethanol biorefinery.  

1.2 Problem Statement  
There has been much public and private sector investment to develop processes for the 
conversion of biomass to ethanol to provide California with a sustainable, source of domestic 
supply. The greatest barriers have been 1) the scale-up of the technology, including the ability 
to replicate performance on a larger and larger scale, and 2) the economics of the technology, 
especially the projected capital costs associated with commercialization. These barriers have 
not been adequately addressed because of a lack of multidisciplinary integration; companies 
have largely focused on the developing micro-organisms without the necessary attention to 
feedstocks, pretreatment, solids handling, and separations. 
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1.3 Project Goals 
The goals of this agreement were to (1) demonstrate the operability of Edeniq’s technology for 
the conversion of California biomass feedstock to ethanol in an existing, integrated two ton per 
day biorefinery and (2) obtain the data to support proceeding with commercialization of 
Edeniq’s technology in California.  

1.4 Project Objectives 
The objectives of this agreement were to achieve: 

• An overall yield greater than 70 gallons of ethanol per ton of bone-dry cellulosic 
feedstock. This was measured by a material balance to calculate the ratio of the 
production rate of ethanol to the feed rate of biomass, each adjusted to bone-dry basis 
by analysis of water content. 

• Overall hydrolysis conversion (combined, composition weighted Carbon 5(C5)/Carbon 
6(C6)) greater than 70 percent. This was measured by material balance of the ratio of 
C5 and C6 monomeric sugars produced as determined by high performance liquid 
chromatography analysis to the amount of hemicellulose and cellulose in the biomass 
fed into the hydrolysis reactor.  

• The equipment with highest risk of wear, the CellunatorTM (feedstock pretreatment 
system), material of construction wears less than one millimeter per year. This was 
determined by laser-based measurements of parts subject to wear.  

• Projected commercial operating costs of less than $2.00 per gallon of ethanol, as 
confirmed by a process design and economic study and verified by commercialization 
partners.  

• Greenhouse gas (GHG) life-cycle analysis calculations that show a reduction of GHG’s 
greater than 60 percent for our process relative to corn-based ethanol production. This 
was determined based on carbon intensity calculations using the California Greenhouse 
Gases, Regulated Emissions, and Energy in Transportation model. 

• The commitment of one or more California-based ethanol producers to commercialize 
Edeniq’s technology at an existing corn-based ethanol plant in California and thereby 
commence production of cellulosic ethanol in California.  

1.5 Project Costs and Yields 
Table 1 shows the final costs for this project. The Commission funds were budgeted for $3.9 
million. The original budget for matching funds was $10.082 million and was later increased to 
$10.581 million. 
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Table 1: Project Budget 

 

 

Source: Edeniq, Inc. 

 

Personnel 1,843,900$   
Fringe Benefits 531,097$      
Travel -$              
Equipment 752,353$      
Supplies 144,349$      
Contractual 49,761$        
Total Direct 3,321,459$   
Indirect Overhead 578,432$      
General & Administrative -$              
Total Indirect 578,432$      
Total 3,899,891$   

 Final Costs ENERGY COMMISSION SHARE
Line item

Personnel 2,135,242$   
Fringe Benefits 632,032$      
Travel -$              
Equipment 1,779,721$   

Equipment (Deprecation of 
previously purchased 5,150,985$   

Materials/ Misc. 48,270$        
Minor Subcontractors -$              
Total Direct 9,746,250$   
Indirect Overhead 835,177$      
General & Administrative -$              
Total Indirect 835,177$      
Total 10,581,427$ 

MATCH SHARE
Line item  Final Costs 
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1.6 Project Team Qualifications 
All member of the project team are current or former employees of Edeniq, unless noted. 

• Director of Technology and Project Manager: Tom Griffin, Cam Cast 
• Director of Engineering: Daniel Lane, Cam Cast 
• Director/General Manager of Operations: Cam Cast 
• Demonstration Manager: Jason Ivanic  
• Commercialization Advisor: Peter Kilner, Richard Woods 
• Laboratory R&D Director: Sandra Jacobson, Dan Michalopoulos 
• Process Modeling: Richard Woods, Jason Ivanic 
• Economics: Lily Wachter, Peter Kilner 
• Environmental Impact Advisor: Alissa Kendall – UC Davis 

1.7 Regulatory Considerations 
Per Edeniq’s 18-173-3103 Regulation Response Form, dated October 14, 2014, Edeniq expects 
no impact from the credit discount provision. Edeniq has not generated or sold any credits, nor 
does the Company anticipate generating or selling any credits, during the timeframe of or as a 
result of its grant award. Moreover, at no time during the grant period has Edeniq been an 
obligated party under the California Low Carbon Fuel Standard or the United States 
Environmental Protection Agency’s Renewable Fuel Standard or initiatives under Assembly Bill 
32. 
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CHAPTER 2: 
Administration 

2.1 Project Budget/Cost Effectiveness  
The Commission funds were budgeted for $3.9 million. The original budget for matching funds 
was $10.082 million and was later increased to $10.581 million. See Section 1.5 for additional 
details.  

2.2 Permits Acquired  
The following permits were required for the construction and operation of this project. The 
actual reports are contained in Appendix A. 

• Non-Significant Wastewater Discharge Permit – City of Visalia, CA - L14-S 
• Permit to Operate Steam Boiler (2 items) – CA Department of Occupational Safety and 

Health - B005951-11; B005750-12 
• Hazardous Waste Generator Permit – State of California Environmental Protection 

Agency – CAL000358788 
• Alcohol Fuel Producer Permit – U.S. Department of Treasury – AFP-CA-15165 
• Authority to Construct/Authority to Operate (3 items) – S-8039-1-0; S-8039-2-0;  

S-8039-3-0 
• Authority to Construct/Authority to Operate (South Shirk Site) – S-8396-1-0; 2-8396-2-0 
• Construction Permits (multiple items) 

2.3 Carbon Intensity Range of 25 - 70 
This project included one subcontract, which was between Edeniq and the Regents of the 
University of California (for execution at UC Davis). The UC Davis team led the life cycle 
assessment modeling and supported the feedstock sustainability assessment. The primary 
focus of the life cycle assessment was to establish the carbon intensity of Edeniq’s process for 
converting California-sourced cellulosic feedstock into cellulosic ethanol through a bolt-on 
facility attached to an existing corn ethanol plant in the state. The analysis found that Edeniq’s 
process could result in a carbon intensity rating of as low as 25 gCO2e/MJ, a 74 percent 
reduction relative to gasoline.  
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CHAPTER 3: 
Process Development/Optimization 

3.1 Feedstock Evaluation  
3.1.1 Overview and Summary  
For the initial phase of its California Cellulosic Ethanol Biorefinery Project program, Edeniq 
planned a multifaceted review of feedstock options, with a focus on materials readily available 
in California. A range of feedstock classes was considered, and to varying degrees, analytically 
and experimentally evaluated.  

3.1.2 Feedstock Classification  
Over the course of the last few years, Edeniq has evaluated several types of biomass for the 
potential conversion to biofuels in California. Edeniq has identified three broad classes of 
biomass feedstocks that are most suitable for its processes: corn kernel fiber, agricultural 
residues such as corn stover and on-purpose energy crops. Edeniq’s focus during this project 
has been on the latter two feedstock classes. Corn kernel fiber is well understood.  

Specific feedstocks assessed and discussed in this report include nut crop husks, woody 
materials, grain hulls, corn stover, switchgrass, and energy crop residues. The assessments 
included compositional and/or factors (as screens), followed by selected experimental 
conversion measurements.  

3.1.3 Feedstock Analytical Characterization  
Each of the candidate feedstocks was characterized in terms of bulk compositional 
lignocellulosic components, to include cellulose (C6- largely glucan, the predominant glucose 
precursor), hemicellulose (C5 – largely xylan, the predominant xylose precursor), lignin 
(unconverted woody residue), and ash (inert inorganic residues), shown in Table 2. 
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Table 2: Feedstock Sources and Compositional Characterization 

Feedstock 
Category Feedstock Date 

Received Source Location Pre-
processing 

Composition 
% 
Cell 

% 
Hemi 

% 
Lignin 

% 
Ash 

Nut Crops – 
Husks 

Almond 
Shells 2/15/2013 Mariani 

Nut Co Winters Crushed 15.8 18.0 23.1 2.4 

 Peanut 
Shells 2/15/2013 Local 

Market Visalia Crushed 19.9 12.6 30.8 5.6 

 Walnut 
Shells 2/15/2013 Mariani 

Nut Co Winters Crushed 7.4 15.9 27.1 0.9 

Wood Citrus 
Wood 5/2/2012 Mike 

Pereira 
Tulare 
County Ground 31.6 16.6 33.5 9.5 

 Pine Chips 9/4/2013 Private 
Land 

Tulare 
County Crushed 27.6 6.2 34.2 1.0 

Corn Stover CS Pellet 
“A” Bag 8/22/2012 Mike 

Pereira 
Tulare 
County Pellets 19.8 12.0 17.4 33.8 

 CS Pellet 
“C” Bag 10/12/2012 Mike 

Pereira 
Tulare 
County Pellets 23.3 14.1 9.1 22.6 

 CS Pellet 
“G” Bag 2/25/2013 Pacific 

Ag 
Hermisto

n, OR Pellets 30.2 16.4 8-12 
(est.) 11.5 

 CS Pellet 
“I” Bag 6/26/2013 Mike 

Pereira 
Tulare 
County Pellets 29.0 18.3 11.1 17.0 

Grain Crops 
– other Rice Hull 3/29/2013 Country 

Feed 
California 

Delta As received 29.3 12.2 20.3 20.5 

 Milo 2/11/2013 Country 
Feed 

California 
Delta As received 13.9 10.1 6.8 0.7 

Energy Crop 
-Residues 

Cane 
bagasse 3/15/2013 Usina 

Vale 

Sao 
Paulo, 
Brazil 

Ground 39.3 22.3 19.7 1.7 

Source: Edeniq, Inc. 

3.1.4 Feedstock Processing Characterization  
Edeniq’s integrated pretreatment and saccharification process steps were carried out to further 
assess these feedstocks for sugar conversion. Laboratory and pilot-scale screening trial results 
are summarized in Table 3. 
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Table 3: Feedstock Conversion Potential Screening 
Feedstock 
Category 

Feedstock %Cell %Hemi Glucose  
(gm/l) 

Xylose  
(gm/l) 

Glucose 
(kg/ton 

feed) 

Xylose  
(kg/ton 

feed) 
Nut Crops – 
Husks 

Almond Shells 15.8 18.0 25.1% 47.4% 43.9 94.7 

 Peanut Shells 19.9 12.6 note 1    
 Walnut Shells 7.4 15.9 note 1    
Wood Citrus Wood 31.6 16.6 55.5% 42.0% 194.9 77.5 
 Pine Chips 27.6 6.2 23.4% 90.0% 71.6 61.5 
Corn Stover CS Pellet “A” 

Bag 
19.8 12.0 86.0% 92.0% 188.7 122.2 

 CS Pellet “C” 
Bag 

23.3 14.1 66.0% 71.0% 170.5 110.8 

 CS Pellet “G” 
Bag 

30.2 16.4 53.6% 67.5% 179.5 122.5 

 CS Pellet “I” 
Bag 

29.0 18.3 47.0% 42.0% 151.5 85.2 

Grain Crops – 
other 

Rice Hull 29.3 12.2 note 2    

 Milo 13.9 10.1 note 2    
Energy Crop -
Residues 

Cane bagasse 39.3 22.3 70.0% 86.0% 305.4 212.9 

Source: Edeniq, Inc. Note 1: Additional nut husks were not tested due to low compositional content and initial 
trials on almond shells. Note 2: Separate tests indicated that these high-inorganic (especially Si) feedstocks are 
not favorable for long-term operations (erosive wear) with Edeniq’s mechanical pretreatment equipment, 
including the CellunatorTM operations.  

Based on laboratory and pilot-scale screening trial results, corn stover and energy crop residue 
applications offer the highest opportunity, in terms of potential product yield and applicability 
to Edeniq’s process.  

3.1.5 Feedstock Pelletization  
Improvement of preprocessing unit operations was focused on two categories of greatest 
interest in the feedstock agricultural residues class: corn stover and cane-derived bagasse. 

Important components of preprocessing technologies generically include size optimization, 
moisture level control, and elimination of bulk contaminants (equivalently: precluding 
introduction of contaminants).  

Overall, Edeniq’s analysis of cost and benefits of pelletization showed that the potential 
shipping and handling advantages do not outweigh the additional processing costs and the 
potential for large yield losses during pelletization due to the destruction of glucan and xylan 
from heating during the pelletization process. Therefore, pre-processing developments focused 
on loose fiber feed formats. 

3.1.6 Sourcing Partnerships 
Edeniq has partnered with Pacific Agriculture to assess processes that combine the superior 
delivered feedstock economics and compositional quality and consistency.  

  



13 

3.1.7 Pilot Trials 
Based on the compositional analysis, processing characterization, and an initial evaluation of 
commercial economics, Edeniq decided to focus the pilot trials primarily on corn stover and 
energy cane residues. 

3.1.8 Feedstock Conclusions 
There is a wide range of potential cellulosic biofuels feedstocks available in California. 
However, none of them currently create a significant statewide opportunity based on crop 
density, location, cellulosic composition, and cost. Additionally, California’s higher commodity 
prices of competing agricultural crops keep the cost high. The most attractive crop category 
under current conditions for Edeniq’s bolt-on cellulosic technologies in California is corn stover. 

Additional conclusions can be summarized as followed: 

• Grower economics are unlikely to support expansion of energy crops, such as 
switchgrass, in California. 

• Energy crop residues could be of interest, but availability is likely a few years out.  
• Nut husks were found to be less attractive on the basis of composition. 
• Feedstocks with high-inorganic content, including rice hull and milo, were found to be 

less favorable for long-term operation of Edeniq’s mechanical pretreatment technology, 
which includes the Cellunator™.  

• Prevent introduction of contaminants during harvesting. 
• Pelletization of cellulosic feedstocks offers interesting advantages, but these do not 

sufficiently offset the associated increased feedstock processing costs.  
• Preprocessing expertise is required.  
• Feedstock was identified as one critical parameter that affected the ability to process 

the fibers into sugars and downstream products. Fresh feedstock provided improved 
performance by over 20 percent. 

• Feedstock sources must be developed. 
Preprocessing expertise is key – hand-in-hand with feedstock sources development. Therefore, 
Edeniq is actively developing preprocessing expertise and strategic relationships to bolster its 
integrated preprocessing and feedstock capabilities. 

3.2 Pretreatment and Enzyme Tests 
3.2.1 Overview and Summary  
The Task 2.2 was to evaluate variety of pre-treatment methods and conditions including the 
mechanical high shear CellunatorTM technology and equipment and to evaluate commercial 
and proprietary enzyme formulations for saccharification to identify the best enzyme 
combination for efficient hydrolysis. Low-density, fibrous cellulosic feedstocks have presented 
process challenges – particularly around biomass mechanical and thermal pre-treatment. In 
addition, the optimization for conversion efficiency and operational costs are critical challenges 
– particularly around the definition of viable cellulase enzyme cocktails and strategy for dosing 
the enzymes and additives which extend enzyme effective life and activity.  

The continuous sugar process was defined with some flexibility in unit operations and 
optimization control points. The equipment improvement designs were developed, and 
individual improvements implemented. Mapping of key conditions and candidate cocktails was 
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completed, and a baseline composition evaluated from key suppliers. Characterization 
mapping of the key thermal pretreatment conditions were completed using laboratory, 
commercial scale batch, and pilot scale continuous reactors. Severity conditions were targeted 
into regions depending on the overall process optimization parameters such as maximizing 
both C5 and C6 fermentable sugars, maximizing C6 sugars only, or minimizing inhibitor 
concentrations. Effective enzyme recycling was demonstrated at pilot scale reactors using both 
batch and continuous saccharification. The key challenge was the scaling up these 
technologies into demonstration scale, integrated continuous preprocessing and pretreatment 
facilities to improve overall system capabilities – and a then provide a new baseline for 
commercial design and implementation.   

3.2.2 Objectives  
• Identify optimum process conditions for the pretreatment methods with the use of 

Recipient’s CellunatorTM and mechanical pretreatment technologies. 
• Identify the optimal particle size and solids loading for optimal saccharification. 
• Perform saccharifications of pretreated project feedstocks (e.g. bagasse, stover, etc.) 

using commercially available enzymes and/or proprietary enzymes cocktails, optimizing 
enzyme mixture to achieve maximal sugar release for fermentation potential.  

• Qualify and obtain enzyme cocktail sufficient for operating the Biorefinery using project 
feedstocks and operate the biorefinery. 

3.2.3 Pretreatment and Enzyme Test Development Areas  
The goal of mechanical and thermal pretreatment was to expose the fiber to sufficient severity 
of conditions to soften the lignin structures, partially hydrolyze the hemicellulose and disrupt 
the microstructures throughout the biomass enhancing the accessibility of the cellulose and 
hemicellulose to the enzymatic activity of the cellulase cocktail. 
3.2.3.1 Mechanical Pretreatment  

• Biomass slurry was conveyed to the CellunatorTM (e.g. high shear wet milling 
equipment) at feed pressures sufficient to meet the requirements of the pressure drop 
through the high shear zone and with enough motive force required for delivery to 
downstream operations. The post-milled material was processed to provide a more 
homogeneous mixture for easier operability and higher conversion in downstream 
processes.  

3.2.3.2 Thermal Pretreatment  
• The post-milled biomass slurry was pressurized with a mechanical pump for conveyance 

to the thermal pretreatment auger at which point steam was injected to raise the 
temperature of the slurry to 160 to 220˚C (320 to 430˚F). The 6 to 23 atmospheric 
pressure (90 to 335 absolute pounds per square inch) achieved had to be in equilibrium 
with or greater than the target temperature. The design was targeted to be below 
200˚C (392˚F) and 15 atmospheric pressure (215 absolute pounds per square inch). 
Severity of the thermal pretreatment is defined as the combination of time-temperature 
characteristics, e.g., as log(CS) = log [ t exp((T-100)/14.75)] – pH + ref pH. Data ran 
for high, medium, and low severities is shown in Figure 3, and a target zone is 
represented for the optimal C6 conversions. 

The heated biomass slurry was passed into the pretreatment system at a rate sufficient to 
manage the overall residence time at the desired temperature and pressure. The pressure of 
the biomass slurry was then released through a flash orifice and rapidly depressurized at 
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conditions to allow water contained within the fine pore structures of the biomass to evaporate 
and expand further disrupting the physical structure of the microstructures within the fibers. 
During the flash unit operation, the biomass was also cooled due to the evaporation of the 
liquid water and by either or both direct water injection or indirect heat exchange. The vapor 
from the flash was transferred to a condenser where the water vapor and volatile organic 
compounds were extracted in the liquid condensate. Any trace volatile organic compounds 
were collected, and for this project, eliminated as waste. Previous work with the Department 
of Energy Corn to Cellulose Migration project included the recycling of this condensate. It was 
further processed for re-use as the make-up water for the pretreatment hydration. The water 
recycling option is still available but was not included in these tests.  

The biomass was adjusted for pH by the addition of buffer materials at this stage.  
3.2.3.3 Saccharification Enzyme Cocktails  
The saccharification enzyme cocktails consisted of a combination of commercially available 
cellulases with proprietary enzymes designed to enhance the hydrolysis of the biomass. Cost 
optimization and recyclability of the enzyme cocktails and mixtures is discussed in the 
Saccharification unit operations report in Appendix E. The functionality of the cellulase and 
hemicellulase enzymes was segmented into categories – endo-glucanase(s), exo-glucanase(s), 
and β-glucosidase. The endoglucanase demonstrated activities toward hydrolyzing the polymer 
structures in the middle of a cellulose and hemicellulose oligomer chains. The exoglucanases 
or Cellobiohydrolase demonstrated activity on the ends of the chains. The Cellobiohydrolase I 
hydrolyzes from the reducing end and the Cellobiohydrolase II acts on the non-reducing end. 
The inclusion of Cellobiohydrolase I and Cellobiohydrolase II resulted in the release of 
cellobiose or sugar oligomers with two sugar units. The β-glucosidase demonstrated activity 
for hydrolyzing the beta bond to produce two monomeric sugars. All commercially available 
cellulase cocktails had a mixture of these enzymatic activities for both hemicellulose and 
cellulose. The results demonstrated that initial activity of different cocktails was greater for 
one activity versus another activity and the half-life of each activity was different from 
different suppliers.  

The goal of this activity was to optimize the composition of the cocktail and the pretreatment 
conditions to maximize the sugar yield for various feedstocks. Each feedstock required a 
different combination of pretreatment conditions and enzyme cocktail for optimum conversion. 
The ultimate economically optimized combination will also be impacted by availability and 
transportation requirements. 

3.2.4 Pretreatment and Enzyme Test Results  
Various feedstocks and pretreatment conditions were evaluated and tested at laboratory scale 
batch, pilot scale batch and continuous; and also evaluated for commercial scale batch 
reactors. Feed stock age was identified as one critical parameter that affected the ability to 
process the fibers into sugars and downstream products. Fresh feedstock provided improved 
performance by over 20 percent. Decrease in biomass particle size was also associated with 
improved performance of about 10 percent. The mechanical pretreatment was validated as an 
effective technique. The CellunatorTM provided several important contributions to the 
operations of Edeniq’s continuous sugars and ethanol production process from cellulosic 
biomass. As indicated in Figure 1, the Cellunator™ is a wet milling device creating a high shear 
zone with controllability. The high shear zone within the gap created physical disruption of the 
fiber structures, enhanced enzyme accessibility, and reduced the average size of the particles 
while minimized the creation of ultra-fine particles.  
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Severity factor was defined as an effective metric for assessing thermal pretreatment 
conditions with respect to potential glucan (i.e., C6 sugars), xylan (i.e., C5 sugars) and 
inhibitor (i.e., organic acids and non-fermentable components). The overall results indicated 
that the C6 sugars are maximized at higher severity conditions, C5 sugars increased up to a 
maximum with a parabolic optimization, and inhibitors increased with higher temperatures and 
severity.  

An extensive test matrix was conducted on the commercial batch thermal pretreatment to 
better assess impacts and operational optimizations. A graphical illustration of the C6 and C5 
saccharification performance is provided in Figure 1. Both the linear trend of increasing C6 
performance with higher severity and the parabolic performance of C5 sugars are observed, 
shown in Figure 2. In comparison to the laboratory thermal pretreatment the peak of the C5 
performance is substantially lower with the higher temperature and shorter thermal 
pretreatments although the severity indexes of these tests were similar (i.e. in the range of 3 
to 5 severity index referenced to 100oC and 5.65 pH).  

Figure 1: Representative Particle Size Reductions with Cellunated Slurry 

 

Source: Edeniq, Inc. 

The concentrations of furfural and hydroxymethylfurfural were examined and demonstrated 
lower concentration due to the flash step that is used in the commercial scale thermal 
pretreatment. The loss of material was also consistent with the mass balance compositional 
analysis that identified material lost during the flash. 
 



17 

Figure 2: C6 and C5 Conversion Efficiency as a Function of Severity 

 

Source: Edeniq, Inc. 

The overall test objective was to establish a performance mapping of the critical thermal 
pretreatment parameters – time and temperature. Using the results from various design of 
experiments characterization testing, a 3-D performance map was constructed that indicated 
the target zone for C6 conversion. The data sets from the laboratory and the commercial 
thermal pretreatment tests were overlapped using the time versus temperature performance 
map. In Figure 3, the laboratory data sets are illustrated with circle points and the commercial 
data with triangles. The relative performance has been translated into low precision color 
coding in which red represents highest relative performance and as the color progresses down 
from red to orange to yellow to green the relative performance decreases. With this overlay a 
target zone for the continuous thermal pretreatment can be identified as illustrated by the 
semi-transparent red shaded area. The highest temperature target zone takes the least 
amount of time at 200 – 220oC for 10 – 20 minutes according to the commercial data with 
triangles. Edeniq processing equipment gets equivalent success at 180oC for 20 minutes.  
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Figure 3: Relative Comparison of Optimum C6 Conversion Performance indicating 
Target Operational Zone 

 

Source: Edeniq, Inc. 

Another observation of the testing conducted with the laboratory and commercial scale 
thermal pretreatment equipment was the impact on C5 conversion. The loss in C5 
performance was related to the increase in inhibitor concentrations of the post thermally 
pretreated material. If the overall process is being designed for sugar production and the 
sugars are being fed into an inhibitor sensitive reaction or if the sugars are being fermented by 
C6 and C5 compatible yeast into ethanol, optimization of the thermal pretreatment might 
occur at the upper target zone. If the downstream process is for C6 sugars only yeast, the 
optimum thermal pretreatment conditions might be at a higher temperature, shorter residence 
time or lower end of the target zone.  

Edeniq has actively pursued and evaluated enzyme cocktails from a number of sources. These 
have included well established suppliers with commercially available products generally 
designed for biomass saccharification, earlier stage companies with emerging technology, 
universities, and government sponsored agencies. In addition, Edeniq has initiated and 
conducted an internal research program with a major objective of developing proprietary 
enzymes to supplement and improve the performance of commercial cocktails it might obtain 
from external sources.  

As an example of saccharification activity, Figure 4 shows the relative glucan conversion of 
bagasse by commercial cocktail as a function of enzyme dose and saccharification time. As can 
be seen, there is a clear dose response for cocktail A and, perhaps more importantly, 
maximum rate of glucose release occurs between 0 and 24 hours. The enzymes, obtained 
from partner B, contain varying amounts of hemicellulase relative to cellulase activity, which is 
held constant. Relative glucose conversions for three cocktails uniformly reach 75 percent 
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following 48 hours of saccharification, but conversely, the relative xylose (C5) conversions 
varied from approximately 20 percent to 80 percent dependent on the relative amount of 
hemicellulase present.  

Figure 4: Glucan Conversion as a Function of Enzyme dose and Reaction Time for 
Commercial Cocktail A. 

 

Source: Edeniq, Inc. 

Edeniq’s pilot scale Continuous Sugars Process (i.e., Continuous Sugar Process) was operated 
with various enzyme cocktails and feedstocks. The pretreated bagasse feedstock was pH 
adjusted (e.g., optimum for cocktail used), loaded into the system’s mix auger at 12 percent 
solids, and dosed with enzyme. Saccharification temperature in both cases was held constant. 
As indicated by the data in Figure 5, both cocktails appear to function equivalently in the mix 
auger, but cocktail A generated a greater relative glucose yield at the outlet of auger 4. This 
indicated that one or more components of Cocktail A have a longer effective half-life under the 
conditions tested than its counterparts in Cocktail B1.  

These experiments included the addition of a development chemical additive discovered by 
Edeniq. The additive was designed to improve the effectiveness of cellulase cocktails in the 
saccharification of biomass. The biomass feedstock was processed through the Edeniq 
pretreatment and Cellunator™ process. The results indicated the ability for the Edeniq process 
to achieve significantly higher glucose yields. Also, the results suggested that the additive 
technologies being developed by Edeniq had the ability to increase the C6 yields on the order 
of 1.5X, or equivalently, cut the needed enzyme loading by an order of 33 percent.  
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Figure 5: Saccharification conversions for commercial Cocktails A and B1 in Edeniq 
Continuous Sugars Process 

 

Source: Edeniq, Inc. 

3.2.5 Pretreatment and Enzyme Test Conclusions  
Edeniq’s technology development efforts have successful validated the pilot scale continuous 
sugars process that was designed with flexibility in unit operations and optimization control 
points specifically in the areas of pretreatment and saccharification and was designed to be 
effective for various feedstocks. The mechanical pretreatment equipment effectively managed 
particle size. Decrease in biomass particle size improved performance of about 10 percent.  

The thermal pretreatment conditions focused on managing pretreatment severity (i.e., time 
and temperature). Characterization mapping of the key thermal pretreatment conditions has 
been completed using laboratory scale batch, pilot scale continuous, and commercial-scale 
batch reactors. The C6 sugars are maximized at higher severity conditions, C5 sugars 
increased up to a maximum with a parabolic optimization, and inhibitors increased with higher 
temperatures and severity. Severity conditions have been targeted into regions depending on 
the overall process optimization parameters, especially 180oC for 20 minutes.  

Mapping of key saccharification conditions and candidate enzyme cocktails have been 
completed. The initial activity of different cocktails was greater for one activity versus another 
activity and the half-life of each activity was different from different suppliers. A baseline 
composition and suppliers have been selected for processing under 80 hours.  

Edeniq’s additive technologies increased the C6 yields on the order of 1.5X, or equivalently, 
cut the needed enzyme loading by 33 percent.  
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3.2.6 Pretreatment and Enzyme Test Recommendations  
Our key challenge today is the long-term operation of the continuous sugars process. A 
process that includes preprocessing, pretreatment, saccharification, sugars recovery, lignin 
solids extraction, ethanol production and effective water recycling at the pilot facility. Also 
required is process characterization testing in the fully integrated process. This will evaluate 
improved system capabilities and long-term durability – and create a new baseline for scale up 
and commercial optimization. Specific recommendations include:  
 

• Mechanical Pretreatment 
o Continue development of configurations of the Mix, Hydrate and Disperse and 

CellunatorTM technologies that optimizes the functions of preprocessing, hydration, 
and mechanical pretreatment into a more efficient form of mechanical equipment 
requiring less energy consumption and designed for low cost, replaceable 
components. 

• Thermal Pretreatment 
o Continue characterization testing focused on long term durability, continuous and 

reliable operation of the plug flow reactor configuration. 

o Assess alternative solid-liquid-separations or dewatering unit operations for the 
pretreatment section of the process and then staged thermal pretreatment of the 
biomass to enhance both C5 and C6 sugars performance through isolating 
intermediate C5 products. 

o Characterize the operational performance of the continuous front-end process and 
optimize for enhanced saccharification performance.  

• Enzyme Cocktail  
o Continue characterizing commercial cellulase cocktail operating envelopes against 

program feedstocks and pretreatment / saccharification conditions associated with 
the Edeniq Continuous Sugars Process. 

o Continue developing proprietary supplemental enzymes to augment commercial 
cocktails. 

3.3 Equipment Development for Optimization of Pretreatment  
3.3.1 Overview and Summary  
Task 2.3 of the project was to develop modifications and equipment to size, hydrate, convey, 
and pretreat biomass that would provide reliable process operations while improving the 
mechanism for enzymes to access the cellulose and hemicellulose in the biomass, therefore 
improving conversions to sugar and ultimately ethanol. 

3.3.2 Objectives  
The overall approach was to analyze incoming feedstock, size feedstock into a targeted size 
range; convey the material at a consistent rate sufficient to support continuous processing; 
hydrate the biomass into consistent solids slurry capable of being pumped at high pressure; 
and to feed continuous thermal pretreatment. The objectives of this task were to: 

• Develop capabilities for handling and processing highly fibrous, low-density cellulosic 
feedstocks using Edeniq’s technologies. 
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• Develop modifications to slurry dispenser unit operation capable of attaining desired 
higher solids loadings. 

• Develop improved equipment for conveyance of higher solids slurries. 
• Develop improved and continuous equipment for the mechanical and thermal 

pretreatment of the biomass. 
3.3.3 Development Areas  
3.3.3.1 Feedstock Processing and Sizing 
Feedstock was initially transferred to the cellulosic facility at moisture contents between 7 
percent and 65 percent water but had the physical property range of dry spheres to damp 
fibers. This material had to be sized to a targeted particle size range so that it can be 
transformed to a fluid that can be pumped. The original material ranged from a length of 
inches to a few feet, so a debaler was required as the first step dependent on the size range 
of the arriving feedstock. Once the material was sized to less than six – nine inches the 
material was loaded on to a conveyor and then sieved through a Sweco GyraMax vibrating 
screen to split the material into three particle sizes; fines (too small), right sized, and oversized 
(too large). Particles that were too large were sent through a hammer mill and returned to the 
GyraMax for further processing. The GyraMax, which is based on a decades-old concept, was 
commercially available before this grant started.  

We have worked with many vendors on how to dry, chop, shred, crush, and hammer the 
material as well as actually pelletizing the biomass to increase density. Based on the results of 
all that experience as well as the results of the downstream conversions, we have determined 
that our process must include a system to get material down to under 10 millimeters. We need 
to have a process to collect the particle size we need for downstream processing, and we may 
need a recycle process to increase the yield of usable material with respect to incoming 
feedstock. We built that process and have been operating that equipment with both corn 
stover and bagasse. The processed material has been used for testing in our pilot 
pretreatment and saccharification equipment and processes and in other experiments. Those 
processes continue to provide feedback to pre-processing for further improvement in 
operations and costs. Figure 6 shows a diagram of the Edeniq pre-processing and sizing 
process machines.  
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Figure 6: Edeniq Pre-Processing and Sizing Process Units 

 

Source: Edeniq, Inc. 

The goal in this section was to determine optimal physical conditions for feedstock and any 
associated feedstock-specific limitations with respect to pretreatment operational capability 
and pretreatment conversions. Specific parameters of interest include throughput capabilities, 
moisture levels, yields of specific particle size ranges, and analyses to determine glucan, xylan, 
other sugar pre-cursers, moisture, ash level (minerals and sand), total carbohydrates, and 
extractives (organics) levels. 
3.3.3.2 Hydration and Dilution  
The main goal of hydration equipment development is to incorporate the water into the 
biomass’s cellular structure. Dilution improves the mixing capabilities for a continuous process.  

The first operation of the continuous pretreatment process is to hydrate the biomass by the 
addition and absorption of water into both the intra and extra cellular structures. There are a 
few ways to accomplish this, including the addition of biomass to water plus agitation, or 
mechanically force the water to contact the biomass at high velocities. The second step, 
dilution, is to add sufficient water to reduce the solids content to a level so that the material 
can be mechanically sized and homogenized using a wet milling operation. This was 
accomplished with Edeniq’s proprietary CellunatorTM system. 

Batch hydration and dilution processing was assessed and rejected because of the size of the 
equipment for both demonstration and commercial designs. This was based on vessel 
capacity, throughput requirements, and the agitation needed to keep the biomass entrained in 
the water. Those evaluations showed that the equipment was quite excessive and that a batch 
scale-up would have been prohibitively expensive.  

As an alternative, our technology partner, IKA Works (Wilmington, NC), introduced an 
advanced equipment platform, the MHD-2000, designed to mix, hydrate, and disperse low 
density cellulosic feedstock material in an inline, continuous process. Solids and liquids were 
instantaneously mixed and dispersed in one step, while maintaining a dust free environment. 
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Tanks and agitation equipment were eliminated from our designs, saving capital and operating 
expenses.  
Prior to final design decisions for the Process Unit, smaller scale testing was conducted. This 
included: 

• Small Hopper: To corral material and provide some capacity for continuous processing. 
• Side Mixer: Mounted inside the small hopper, this mixer’s job is to keep the feedstock 

from bridging, and instead provide unabated flow of the material to the screw auger. 
• Flexible Screw Auger/Conveyer: Mounted from the bottom of the small hopper, this 

conveyer’s primary role is to convey material towards the feed of the mix, hydrate and 
disperse in a controlled and metered manner. 

• Feed Cone: Mounted atop the inlet of the mix, hydrate and disperse, this funnel is used 
to corral the material falling out of the conveyer (by gravity) and funnel it into the mix, 
hydrate and disperse solids inlet. 

• Cone Auger: Mounted concentrically with the Feed Cone, this auger’s main job is to 
force the feedstock material being gravity fed from the conveyer through the funnel and 
into the mix, hydrate and disperse in a positive and forceful manner. 

Final design of Process Unit included: 

• Feed Trough w/ Blower: This system is the primary “start” of the process. It keeps the 
downstream unit operations fed.  

• Live Bottom Hopper: This system provides positive conveyance of the material for 
downstream operations that require force fed material.  

• MHD-2000: This system developed by IKA Works was used to hydrate the material and 
create the controllable solids slurry for downstream processes. The MHD-2000/20 was 
used. 

With the application of the mix, hydrate and disperse to this process, the output stream 
attained solids levels of between 10 percent and 40 percent, depending on the type, size, and 
moisture content of the original biomass. 

Mix, hydrate and disperse Operating Limits Tests were run to determine: 

• Minimum water mix, hydrate and disperse needed, for the thickest slurry. 
• Optimal set points for targeted percent solids (15 percent). 
• Maximum percent solids slurry that can be produced via mix, hydrate and disperse 

slurrying. 
• Feedstock condition limits. 

3.3.3.3 Sizing and Homogenization  
After the hydration and dilution step, the biomass slurry was passed through Edeniq’s 
CellunatorTM which, by cutting and shearing, reduces the size of the solids in the slurry to a 
particle size of less than approximately 1 millimeter and an overall median size in the range of 
100-200 microns. One of the key attributes of the Cellunator™ is the ability to reduce overall 
particle size average by re-sizing large particles without increasing the amount of fines or 
excessively small particles. The second attribute is homogenization. The smaller particles are 
well distributed. The Cellunator™ output is homogeneous; the particles in the slurry are 
distributed evenly and will remain stable even after mixing has terminated.  
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Edeniq has extensive experience in the utilization of our proprietary Cellunator™ in both the 
corn ethanol industry (e.g., enhancing starch efficiency, enabling processing of inedible corn 
kernel fiber to cellulosic ethanol) and also in bulk cellulosic work conducted as part of the 
“Corn to Cellulose Migration” project with the United States Department of Energy. The goals 
of this section were to determine: 

• Optimal conditions for sizing 
• Optimal conditions for homogenization  
• Specific conditions suitable for each feedstock 
• Feedstock-specific limitations 

Specific optimization parameters of interest include flow, solids level, hydration, water 
retention, water residence time, and various solids levels. 

Sizing and homogenization included periodic, stand-alone and pre-pretreatment testing. Two 
colloid mill Cellunators™ were involved in testing. 

Post Thermal Pretreatment Test - The MK20 Cellunator™ was located in the process 
downstream of thermal pretreatment and was periodically used to wet mill the material that 
has been thermally pretreated and flashed prior to being pumped to the mix auger for 
saccharification. This process was tested with corn stover and bagasse in the corn to cellulose 
migration plant. The material was pumped through the Cellunator™ on a single pass basis, 
and samples were taken both before and after the unit.  

Continuous Loop Operations Test - A second MK Cellunator™ was tested as a stand-alone 
system for doing single and multi-pass evaluations. Those tests were conducted with the input 
loose fiber feedstock within a range of size from 250 microns to 3.3 millimeters. In these tests 
the MK10 and a positive displacement pump were configured into a continuous loop with a 
small buffer slurry volume of less than 100 gallons. The majority of these tests took 
approximately 6 hours to complete with temperatures between 160 to 190 degrees F. Biomass 
was loaded at a slow rate to ensure no plugging would take place until 8 percent solids was 
achieved in most cases. The plan included varying the solids level. Pumping capability was lost 
around 11 to 12 percent solids, primarily due to the limitation of the positive displacement 
pump. 

Before Thermal Pretreatment Test - A third configuration was tested to evaluate the 
Continuous Sugars Process design in which the slurry outlet of the mix, hydrate and disperse 
was passed directly to the MK20 Cellunator™ for mechanical preprocessing on a continuous 
basis without a positive displacement pump between the units. In this configuration the mix, 
hydrate and disperse unit not only hydrated and diluted the biomass but provided the delivery 
pressure required for operating the CellunatorTM. Tests evaluated operational capability as well 
as particle size reduction. 

All three tests were conducted to evaluate the following characteristics: 

• Particle size reduction at 5 percent, 10 percent, 15 percent and 20 percent solids in 
initial slurry.  

• Operational capability for long periods of time without plugging due to the biomass 
dewatering or forming biomass networks that bridged or plugged piping including the 
functional Cellunator™ heads.  

• Throughput capacities to determine the operational envelope.  
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• Temperature increases to the biomass as the shearing and particle size reduction 
occurs. 

3.3.3.4 High Pressure Conveyance 
After the wet mechanical preprocessing step, the next step is the pumping of the biomass 
slurry at a pressure of up to 200 psi gauge (1.48 Mega Pascals). As the slurry leaves the 
Cellunator™ at atmospheric pressure, it requires some type of positive displacement pump to 
generate the head pressure to convey it into the higher-pressure pretreatment system. 
Although many types of pumps have that ability with a clean fluid, accomplishing that with a 
high-solids slurry stream is the challenge for this process. Edeniq has extensive experience 
pumping both clean fluids and slurries at low and high pressures that includes several pump 
types: hose (peristaltic), lobe, progressive cavity, diaphragm, and plunger positive 
displacement pumps. We have limited experience, on the other hand, with operations of these 
pumps at both high slurries and high pressures simultaneously. This pressure is manipulated 
by the controlled addition of steam. Since the pretreatment process could operate at over 
392oF (200oC), the steam pressure could approach 200 psi gauge (1.48 Mega Pascals).  

The goal of this section was to determine optimal conditions for high pressure conveyance into 
the thermal pretreatment system while determining specific conditions suitable for each 
feedstock. Specific optimization parameters of interest include flow, solids level, hydration 
and/or water retention, residence time and various initial solids levels.  

3.3.4 Pretreatment Results  
3.3.4.1 Feedstock Preprocessing and Sizing  
The preprocessing system successfully produced biomass of different size ranges to below one 
millimeter, from a feedstock as long as a few feet. The system could remove sand and ash 
from the dry feedstock with yields consistent with project goals. Throughputs were optimized 
to achieve flow rates that met the requirements of the 2-ton feedstock intake per day 
capacity.  

The major issue that was not accomplished was to size the material to size ranges under 3.3 
millimeters in one pass. Significant cycling of biomass through a hammermill and then return 
into the sieve systems is necessary. The impact of this is either larger processing equipment 
with higher energy requirements, or a reduced overall feedstock yield from theoretical, with 
higher feedstock costs.  
3.3.4.2 Results from Mixing, Hydration and Dispersion 
The major issue with the mixing, hydration and dispersion system has been the difficulty of 
getting a consistent flow of biomass without plugging at the inlet. Initially the live bottom 
hopper had problems that led to biomass compaction and plugging. These events created 
enough force in the live bottom hopper system to bend and break the stainless-steel augers. 
This problem was finally solved by minimizing auger size reductions and eliminating the auger 
down-step designed to create a positive force to feed the MHD-2000. The baseline MHD-2000 
consisted of a 4-inch feed nozzle, which created difficulty in achieving reliable feed through 
the nozzle without plugging. The mix, hydrate and disperse head was redesigned with an 8-
inch opening to help alleviate this problem. In addition, control of a balanced solids feed rate 
was inconsistent due to these plugging issues. This impacted water retention and pumping 
reliability downstream.  

The loose fiber biomass density was prohibitively light, resisting inertial or gravitational forces 
to convey it through piping under eight inches in diameter. Any material not “fluidized” will 
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build a clog, called a “bridge” and starve the rotating bottom auger. Any reduction in diameter 
of the conveyance piping or hoppers were prime areas for bridging of biomass, thus limiting 
the flow into the MHD-20. Blowers were tested with limited success. Although effective at 
moving material the entrapped air was not fully disengage at the hydration step, generating a 
three-phase flow downstream (i.e., air, water, solids). The live bottom hopper was retrofitted 
with increased agitation at the very bottom to help prevent bridging. Any area that was not 
“fully fluidized” began to bridge as high as 12 inches across and starve the feed zone above 
the live bottom auger. In addition, all locations where the slurry flow path was reduced in 
cross-sectional area were prime areas for bridging and dewatering difficulties. 

During the operations biomass of various lengths (e.g., as long as 6 to 12 inches) were 
evaluated to assess upstream and downstream optimizations. These long fibers limited the 
effectiveness of the MHD-2000 functionality of wetting and hydrating the material. Baseline 
configurations of the MHD-2000 internal components included initial shearing paddles, which 
were very effective for pelletized feedstock. However, long fibers tended to wrap around the 
rotating structures and increased chances of internal bridging, resulting in plugs. Medium 
length size feedstock (e.g., a 1 to 3 inches) was also difficult to hydrate and maintain water 
retention levels at target solids levels. Exposed surfaces of larger particles, which are typically 
coated with waxy material, were extremely hydrophobic. Therefore, minimizing feed fiber 
length by shearing these larger particles increased the surface areas for effective hydration of 
the internal structures.  

Combining all of these results indicated that preprocessing “as-received feed” down to 
250/850 or 250/3300 micrometer ranges provided the most reliable operational characteristics 
for feeding the mixing, hydration and dispersion unit operations. Reliable delivery of 10 to 12 
percent solids was achievable, and as high as 18 to 20 percent with some degree of manual 
attention.  
3.3.4.3 Results for Sizing and Homogenization 
Once reliable slurries were achieved with 10 to 18 percent solids content through the 
hydration unit operation, characterization tests were conducted with the CellunatorTM directly 
coupled downstream of the mix, hydrate and disperse unit. Multiple gap settings were 
evaluated to assess the impact on particle size, fiber shearing, and effective water retention. 
Higher solids level (>12 percent) were processed but eventually plugged the feed cavity zone 
of the CellunatorTM. Adjusting the speed of the unit was evaluated but resulted in internal 
clogs likely due to insufficient tip speeds. The gap settings of less than 0.5mm between the 
rotor and stator tended to clog. Larger gap settings proved workable and effective, 
establishing the target range for commercial operations. Changes in gap setting demonstrated 
control of downstream particle size-distribution.  

Location of the CellunatorTM before or after the thermal pretreatment unit operations was 
assessed. When testing the CellunatorTM before thermal pretreatment, the particle size data 
has indicated similar particle size reductions to previous results when using thermal 
pretreatment and then flash cooling the reaction mixture across an orifice. Downstream 
samples showed visual size changes depending on inlet feed sizes and solids levels. With the 
mix, hydrate and disperse feeding the CellunatorTM the pre-hydrated, higher percent solids 
slurries were successfully processed through the unit without the need of a booster pump 
between the units. The biomass rheology also looks better, as smaller particle sizes were 
evident. If the hydration step was less effective (i.e., visually drier or non-hydrated), the 
effectiveness and reliability of the sizing and homogenization unit operations were reduced. 
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Plugging was also observed to occur if material is not pre-hydrated. Any dewatered solids 
remaining in the inlet zone eventually created a dense plug which stopped process flow. 
Efficiently hydrated biomass was required for successful sizing and homogenization of the 
resulting biomass discharge material. 

The unit operations took material from storage into the live bottom hopper to hydration to 
sizing and homogenization. It provided high solid slurries, which could be thermally pretreated 
and saccharified downstream. However, reliable, unattended operations proved to be a 
challenge. Variability in the feedstock required close attention to achieve stable operations. 
Fully hydrated biomass slurries with 10 to 18 percent solids were achievable, yet reliable 
operations increased with target solids between 10 and 14 percent. Loose fibers were 
successfully reduced from as long as few millimeters down to target ranges of less 1000µm 
with the majority in the 100 to 200 micrometer range. Water retention levels of fully processed 
biomass exceeded targets and demonstrated incrementally greater inter- and intra-cellular 
moisture with designed unit operations.  
3.3.4.4 Results for High Pressure Conveyance 
To assess the ability to feed the thermal pretreatment unit, high solids slurry tests were 
conducted with a variety of pumps including positive displacement pumps, lobe pumps, hose 
pumps, piston pumps and progressive cavity pumps. All of these “as delivered” pumps had 
issues and limitation in achieving the required conveyance and discharge pressure, especially 
at greater than 14 to 18 percent solids. Work with Netzsch Pumps, a leading supplier of 
progressive cavity pumps, led to a re-design of their pump to include multiple stages and the 
addition of an improved feed system to enable consistent operations while meeting the 
downstream pressure requirements for thermal pretreatment. This modified pump was 
successfully at operating and feeding both the kettle reactor as well as the continuous auger 
at required pretreatment pressures. Another lesson learned from pumping high solids slurry 
was how to design the pump inlet cavities and piping networks to prevent bridging and 
dewatering of the solids. Transitional piping should have minimal changes in direction, and 
those changes must be large sweeping bends or 45-degree bends only. Wye connections are 
more effective than tees in the piping network. Also, when operating the mix, hydrate and 
disperse and Cellunator™ in series, it is important to match the flow rates.  

3.3.5 Pretreatment Process Conclusion  
The pretreatment process is made up of many different steps including sizing, dry biomass 
conveyance, ash removal, hydration, mixing, slurry conveyance, wet sizing, and high-pressure 
conveyance. Each of these steps have their own issues, but almost all of them are impacted by 
input particle sizes, moisture content, and the ability to convey without plugging or bridging. 
Two years of designs, tests, characterizations, and re-designs have led to a process that can 
be operated consistently in providing a reliable slurry input stream into the thermal 
pretreatment process. Additional testing will ultimately improve overall optimization of the 
process to impact three key areas to the success of cellulosic conversion to sugars and fuels: 
conversion, operations and economics. Conversion improvement can be improved by creating 
a biomass feedstock with maximum access for enzymes in the saccharification process. The 
particle size and water retention of the biomass are key parameters in improving the 
breakdown of cellulosic and hemicellulosic fibers within the various feedstocks. Efficiently 
hydrated biomass is required for successful sizing and homogenization of the resulting biomass 
discharge material. Operability is a key variable in the overall reliability, capacity and scale up 
economics of these biomass conversion processes. The biomass feedstocks all exhibit different 
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physical property characteristics with respect to the ability to be sized, conveyed and hydrated 
in a way that can be consistently controlled throughout the process without equipment 
plugging and breakdowns. Finally, continued improvement in these processes will decrease the 
capital expenditure requirements while decreasing overall operating costs with the optimization 
of each of these steps. 

While many areas are still ripe for improvements, this project has shown that these processes 
can now be consistently, and reliability operated on day to day production basis. Commercial 
viability still requires key areas of focus that will need improvements. These include the 
continued development of dry feedstock preprocessing to get better utilization and yield of the 
original feedstock. This will require higher conversion of feedstock to the target size ranges 
that meet the requirements for optimal pretreatment and saccharification reactions. These 
yielded improvements will also minimize the amount of ash and sand getting into the process 
thus improving equipment life in the long term. Characterizations of particle size requirements 
with specific feedstock and enzymes will need to be evaluated to improve process conversions 
and economics. Overall operability of the preprocessing systems should improve with scale-up; 
however, the ability to scale-up without significant increases in capital as well as keeping key 
target particle sizing requirements will be much more difficult as equipment capacities 
increase. Wear is an issue that may impact overall maintenance costs, the bigger issue may be 
the ability to size particle in the 100-200-micron range with equipment run rates of 100 to 800 
times higher than currently being tested. 

Continued improvements are required, but operating experience and testing now shows that a 
process can be operated consistently  

3.3.6 Recommendations  
3.3.6.1 Preprocessing  
Continued testing of all equipment for flows, yields, and different particle size distributions is 
required for scale-up to commercial as some of these issues will become easier at larger scale, 
while others will become significantly more difficult, particularly in the area of particle size 
where larger equipment will have much greater difficulty in keeping the required gaps in the 
Cellunators™. Consider utilization of a crusher instead of hammermill for crushing and 
shredding of fibers instead of hammering in the preprocessing system. 
3.3.6.2 Mixing, Hydration, and Dispersion 
Continue testing of equipment with various biomass feedstocks and a live bottom hopper to 
provide consistent pressure and feed into the mix, hydrate and disperse. Also consider internal 
redesigns of mix, hydrate and disperse to improve hydration of biomass at higher solids levels. 
3.3.6.3 Sizing and Homogenization 
Continue testing of equipment with various biomass feedstocks in conjunction with the 
pretreatment process to determine the optimal order of mechanical and thermal pretreatment 
equipment. 
3.3.6.4 High Pressure Conveyance 
Continue testing of equipment with various biomass feedstocks and a multistage progressive 
cavity pump to get up to 200 psi gauge (1.5 Mega Pascals). 
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3.4 Equipment Development / Optimization – Hydrolysis 
3.4.1 Hydrolysis Overview and Summary  
One of the key steps of the process for making cellulosic sugars is saccharification. During 
saccharification, enzymes convert the insoluble and non-fermentable cellulose and 
hemicellulose into soluble and fermentable glucose and xylose sugars. Traditionally, this has 
been performed as a batch process using stirred tank reaction vessels holding solids slurry for 
48 hours, after which the saccharified slurry is passed to fermentation vessels in which sugars 
are converted into fuels and residual solids continue to be saccharified (i.e., simultaneous 
saccharification and fermentation) for an additional 45 to 72 hours. Downstream the product 
fuel is recovered, and the water separated from the residual lignin solids for purification and 
recycle. This traditional approach was performed in the corn to cellulose migration plant that 
Edeniq test in Visalia.  

During this Project Edeniq developed and demonstrated a Continuous Sugars Process, which 
included a series of augers in which the high slurry solids were continuously saccharified and 
recycled around the loop. Solid liquid separation equipment integrated into the auger process, 
extracted a sugar product continuously and allowed removal of residual lignin solids stream 
prior to downstream processes such as fermentation.  

This Continuous Sugars Process equipment was evaluated during the Project and the auger 
systems were operated for 10 to 12 hour runs. At equivalent enzyme loadings, the Continuous 
Sugars Process equipment achieved a C6 yield of 30 percent after 8 hours and between 37 
percent and 40 percent after 10 to 12 hours. In comparison, the initial saccharification values 
after 24 hours for corn to cellulose migration typically ranged between 29 percent and 34 
percent, and therefore, the current kinetics of the auger system appears to be in line with the 
kinetics of the corn to cellulose migration for C6. Similarly, the Continuous Sugars Process 
equipment achieved a C5 yield of 75 percent after 8 hours and between 67 percent and 83 
percent after 10 to 12 hours. In comparison, the initial saccharification values for corn to 
cellulose migration equipment were typically between 52 percent and 56 percent for C5 after 8 
to 12 hours and after 24 hours C5 yield was only 69 percent for the corn to cellulose 
migration. The current kinetics of the Continuous Sugars Process system appeared to be much 
faster than the kinetics of the corn to cellulose migration for C5 conversion. This suggests due 
to mixing and recycling that the Continuous Sugars Process equipment has the potential to 
deliver faster reaction kinetics than batch vessels.  

Finally, the solids in the Continuous Sugars Process were controlled between 22 percent and 
25 percent for multiple runs. This suggests that the auger system should currently be able to 
operate with a feed in this range and has the potential to run with even higher solids. 

3.4.2 Objectives  
The objectives of Equipment Development / Optimization – Hydrolysis were: 

• To develop advanced custom equipment for hydrolysis that is capable of continuous 
operation and delivering performance enhancements in terms of processing speed 
o Reduced residence time 

o Conversion  

• To develop closely integrated equipment to enable improved liquid-solids separations 
during continuous operations.  
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• To prepare and submit a report that describes the equipment modifications to the 
hydrolysis equipment and the liquid-solid separation equipment and the expected / 
initial performance results of the modified equipment. 

The Task 2.4 Equipment Development / Optimization – Hydrolysis Report (dated Feb 2014) 
accomplished the reporting objective (Appendix E). 

3.4.3 Hydrolysis Development Areas  
The development effort was separated into four key areas – continuous hydrolysis equipment, 
solid liquid separation equipment, tangential flow filtration equipment, and finally the 
integration into the downstream steps of the Continuous Sugars Process.  
3.4.3.1 Continuous Hydrolysis Equipment  
The auger system has several advantages over the use of a stirred tank. First, the augers 
continuously move solids from one end of the auger enclosure to the other. Second, the 
augers are designed to handle high viscosity slurries and therefore, it is expected that the 
auger system will be able to meet the solid loading objectives while providing enough mixing 
and mass transfer to achieve high saccharification rates. Third, the auger system can be 
integrated to a solid liquid separations system containing a vibrating sieve and tangential flow 
filtration system to meet our particle removal specification, remove inhibitory sugar produce, 
and recycle active enzymes.  

The hydrolysis system developed and tested consisted of five augers. Initial post pretreated 
biomass passed into the mix auger, shown in Figure 7, to provide a place in the system to mix 
chemicals and enzymes with pretreated biomass. The mix auger had an open ribbon auger 
design, which was selected to maximize the mixing capability in the auger, and a heated 
jacket to maintain the proper temperature for hydrolysis. The remaining four saccharification 
augers were identical in design and consisted of a U-trough and open ribbon configuration and 
horizontal layout with slight upward slop. The saccharification augers had heated jackets to 
maintain the proper temperature. The solids were fed into the augers at one end through a 
port in the top of the auger and conveyed through the auger to the solids exit - a port on the 
auger bottom at the upper end. Recycled liquid was added to the auger at the solids exit end 
through a port on the top. The liquid traveled countercurrent to the solids through the auger 
and exited out a first stage solid liquid separation barrier located on the auger bottom surface 
of the inlet solids end. The countercurrent solid liquid flows were maintained by the upward 
slope and the auger rotation. Controlled liquid addition and removal helped manage the slurry 
solids concentration in the saccharification augers. Solids exiting one auger entered the next 
auger and the four saccharification augers were arranged in a loop to permit additional 
residence time for unreacted solids in the system.  
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Figure 7: Mixing Auger in the Hydrolysis System 

 

Source: Edeniq, Inc. 

3.4.3.2 Solid Liquid Separations Equipment 
The solid liquid separation equipment consisted of a three-stage separation. The first stage 
was integrated into the solid’s inlet end of each auger to retain large suspended particles in 
the bulk saccharification zone. The second stage consisted of multiple deck, vibrating sieve 
separators manufactured by SWECO of Florence, Kentucky and isolated the remaining 
suspended particles for direct recycle back into saccharification from the bulk liquids 
containing only very fine suspended particles. This separator prepared the bulk liquid flow for 
the third stage, tangential flow filtration, which extracted dissolved sugars from the bulk liquid.  

The vibrating sieve separator was tested in several configurations. Performance was measured 
using 104µm, 74µm, 25µm, and a double-decker set up where the 74 µm acts as an initial 
screen followed by the 25 µm screen. Important parameters that were measured included the 
through put (weight processes per min) and separation efficiency. The separation efficiency 
was measured using two parameters. Total solids analysis was used to measure the total 
quantity of solids that went through the sieve. The goal was to have a high throughput while 
removing the majority of solids. In comparison to the single deck 25µm operation, the 74µm 
deck increased the throughput by 16 percent but allowed liquid phase suspended solids to 
increase by 3 percent to 4 percent and the 104µm deck increased throughput by 40 percent 
but increase suspended solids to increase by 10 percent to 20 percent. The two-deck 
configuration of 74µm upper/25µm lower achieved a 35 percent to 40 percent increase in 
throughput and reduced the suspended solids in the liquid by about 5 percent, and therefore, 
the two-deck 74µm upper/25µm lower configuration was selected as the baseline for 
operations.  
3.4.3.3 Tangential Flow Filtration  
Tangential flow filtration is a separation process in which a fine particle liquid suspension flows 
tangentially across the surface of a porous membrane. Pressure is applied to the fluid in order 
to force some of the bulk liquid and soluble compounds through the filter membrane. 
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Depending on the membrane pore size, it retains any macromolecules (e.g., enzyme, sugar 
oligomer) or suspended particles (e.g., lignin) that are too large to pass through the pores. 
The tangential flow characteristic helps sweep the surface clean, prevents material from 
accumulating on the membrane surface, and enables sustained flux throughout filtration 
cycles. 

An important feature of the Continuous Sugars Process and its continuous hydrolysis system is 
the close coupling of the tangential flow filtration to the saccharification and solid liquid 
separation. The tangential flow filtration accomplishes three critical functions:  

• Separates and recovers the sugars stream from the reaction mixture in saccharification 
to minimize sugar inhibition and increase the reaction rates.  

• Removes particles from the sugar product stream heading to fermentation to decrease 
the mass and volume of non-fermentable materials, which increases the efficiency of 
fermentation and distillation unit operations. 

• Concentrates the enzymes and residual fine solids (i.e., sugar oligomers and lignin) in 
the liquid retentate to support both enzyme recycling and lignin solids removal.  

All of these functions results in improved economics. Most importantly, the overall enzyme 
dosing, and therefore operating cost, is lessened while maintaining constant yield. In market 
scenarios with low enzyme price and high feedstock costs, enzyme dosing is maintained, and 
the process yield increased. Batch processes without integrated solid liquids separations do not 
have this operational flexibility or improvements.  

To evaluate proper membrane selection two modules containing polyethylsulfone membranes 
were tested. One module had a 20 kilodaltons nominal pore size membrane while the other 
module had a 150 kilodaltons nominal pore size membrane. The sugar concentration and 
residual enzyme activity of the initial feed permeate, and retentate/concentrate materials were 
measured to evaluate separation effectiveness. In all cases the concentrate residual glucan 
oligomers and enzyme activity were maintained in the retentate and sugar monomers passed 
through to the permeate. The 150 kilodaltons membrane demonstrated a slight transfer of 
enzyme activity while the 20 kilodaltons membrane showed no active enzymes in the 
permeate material. Based upon its similar residual enzyme activity in the concentrated and its 
higher flux rate, the 150 kilodaltons membrane was selected as the initial membrane for scale 
up and integration with the pilot scale hydrolysis system. Figure 8 illustrates a picture of the 
large-scale tangential flow filtration system that is planned to be integrated and tested with 
the auger system.  
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Figure 8: Large-Scale Tangential Flow Filtration Filter (U 5105) and System to Be 
Integrated with the Hydrolysis System 

 

Source: Edeniq, Inc. 

3.4.3.4 Integration of Hydrolysis, Separation, and Filtration Systems  
After characterization testing of the various components and developmental runs of the pilot 
scale components the major unit operations were integrated and evaluated. A process diagram 
of the hydrolysis, separations and filtration section as integrated are illustrated in Figure 9. 

3.4.4 Hydrolysis Background  
The purposes of these tests were to test the auger hydrolysis system integrated with the solid 
liquid separation system and tangential flow filtration system at the approximately 2 dry tons 
per day pilot scale. These tests were designed to be short (up to 12 hours), which is shorter 
than the time needed to reach equilibrium performance. Additionally, the focus of these tests 
was operability rather than overall system conversion. Of particular interest were the solids 
levels in the hydrolysis auger system and the sugars produced by the hydrolysis system. These 
tests were set up to provide a baseline of operation to enable longer runs that would reach 
steady state operation.  
3.4.5 Hydrolysis Results  
A summary of the runs including operating conditions, C5 and C6 sugars produced by weight, 
C5 and C6 final sugar concentration in the auger, and C5 and C6 yield is provided in Table 4. 
The solids in the system were controlled by the recycle water strategy. It was found that the 
auger system could remove enough water through the mesh at the bottom of the auger that 
solids concentration between 22 percent and 25 percent were present in the auger during the 
saccharification. Therefore, it is reasonable to assume that with further optimization a solids 
feed of 25 percent to 30 percent solids could be saccharified in the auger system. 
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Figure 9: A Process Flow Diagram of Edeniq’s Integrated Hydrolysis and Sugar 
Separation System 

 

Source: Edeniq, Inc. 

Table 4: Data from Testing the Hydrolysis and Solids Separation System 

 

Source: Edeniq, Inc. Note: For comparison, historical data from the corn to cellulose migration in batch tanks is 
also provided.  
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3.4.6 Hydrolysis Conclusions  
The current kinetics of the auger system appears to be in line with the kinetics of the corn to 
cellulose migration for C6 and considerably higher for C5 sugars. This suggests that the auger 
system has the potential to deliver faster C6 reaction kinetics than the corn to cellulose 
migration plant currently delivers if the enzyme cocktails are adjusted or operational 
parameters modified. The integrated hydrolysis unit operation including mix auger, 
saccharification augers, and multiple-stage solid liquid separations solids steps effectively 
controls the solids levels within the process and achieving higher solids greater than 25 
percent is attainable. The recycle strategies, to maintain unreacted solids and active enzymes 
within the saccharification zones, enable economic optimizations and minimize operational 
costs. The continuous removal of product sugars with extremely low suspended solids 
supports optimized operations of downstream processes such as fermentation, distillations, 
sugar concentrations, and sugar purifications. Figure 10 shows the sugar concentrations in the 
saccharification augers as a function of run time.  

Figure 10: Sugar Concentrations in the Saccharification Augers as a Function of 
Run Time 

 

Source: Edeniq, Inc. 

3.4.7 Recommendations  
The Project resulted in specific recommendations in four specific areas around the integrated 
hydrolysis unit operations as follows: 

• Preprocessing: Continued testing of all equipment for flows, yields, and different 
particle size distributions in support of scale-up efforts to commercial demonstrations 
capacities. Some of these issues such as material handling will become easier at larger 
scale, while others will become significantly more difficult, particular in the area of 
mechanical preprocessing where small required gaps heights are more difficult to 
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maintain. Consider utilization of a crusher for initial shredding of fibers and breaking dirt 
residuals instead of hammer milling in the preprocessing system. 

• Mixing, hydration, and dispersion: Continue Testing of equipment with various 
feedstocks (e.g., fiber structures, binding characteristics, etc.) to provide consistent 
pressure and feed into these unit operations. Also consider internal redesigns of 
equipment to improve hydration of biomass at higher solids levels. 

• Sizing and Homogenization: Continue testing of equipment with biomass in 
conjunction with the pretreatment process to determine the optimal order of 
mechanical and thermal pretreatment equipment. 

• High pressure conveyance: Continue Testing of equipment with various feedstocks 
preprocessed and hydrated to various levels to characterize the reliable operations and 
limitation of the multistage progressive cavity pump while continuing to seek 
alternatives for reliable conveyance of hydrated solids between 10 percent and 40 
percent and pressures up to and exceeding 200 psi gauge (1,480,276 Pascals). 

3.5 Initial Biorefinery Test Plan 
3.5.1 Initial Biorefinery Test Plan Goals  
The goal of this task was to prepare a detailed test plan covering the intended operations of 
the Biorefinery using project feedstocks prior to the installation of equipment enhancements. 

3.5.2 Initial Biorefinery Test Plan Objectives  
The initial biorefinery test plan objective was to develop and submit a test plan that included: 

• A logistic plan, including the number of hours for continuous operations with each 
project feedstock 

• Methods for monitoring operation to evaluate overall yields, intermediate yields, and 
equipment wear; and  

• A plan for data collection, validation, analysis, and reporting. 
3.5.2.1 Economic Challenges 
Several issues must be solved to make cellulosic ethanol production economically attractive. 
Some of these challenges include: 

• Continuous operation – Pretreatment continued to be performed in batches in the 
corn to cellulose migration facility from May 2013 through December 2014, while 
saccharification was transitioned to continuous in the Continuous Sugars Process part of 
the facility starting in May 2013. Transition to continuous processing will increase 
product throughout and may significantly lower capital costs of a commercial facility. 
This change will require improvements to the feedstock processing in additional to the 
actual continuous pretreatment reactor and downstream cooling process. Later 
transition of the whole system will be pursued in additional Campaign Test Plans to 
follow this work.  

• Enzyme cost – For the cellulosic ethanol industry, the enzyme cost is the largest driver 
of operating costs. In order to minimize the enzyme cost, the entire system has to be 
designed and optimized around: enzyme recycle, different enzyme dosing strategies, 
and the use of additives. Baselines of these parameters have been established during 
the initial runs.  
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• Sugar concentration and water volume – Corn ethanol plants operate at upwards 
of 30 percent sugar solids, while Edeniq’s efforts with cellulosic ethanol have been 
limited to 10 percent to 18 percent due to heavy slurry conveyance issues of fibrous 
feedstocks. One baseline goal of the system is to be able to operate efficiently at higher 
solids and thus increase product and waste stream concentration and reduce processing 
volumes.  

3.5.3 The Test Plan  
The focus of the initial runs is to develop the continuous saccharification augers system to 
extract unreacted biomass and recover and reuse enzymes (i.e. recycle enzyme) to move 
toward a continuous and economical process. The development of the continuous 
pretreatment system is addressed in the revised plan and runs. The itemized objectives of the 
test plan are as follows: 

• Demonstrate and begin optimization of the continuous saccharification auger system 
with enzyme and unreacted biomass recycle. 

• Achieve a throughput of 1 dry ton per day at 25 percent solids. 
• Achieve a 70 percent glucose yield (based on glucan loading) at nominal enzyme 

dosing. 
• Verify the ability to buffer the solution and implement various enzyme dosing strategies. 
• Establish optimized process conditions as a baseline for future operational 

optimizations. 
• Develop and demonstrate sugar separations system, focusing on operability, cleaning 

frequency minimization, and cleaning optimization. 
• Apply emerging enzyme assay protocols to assess the enzymes’ functionality: activity, 

durability, and partitioning behavior. 
• Evaluate opportunities to increase overall recovery yield of sugars. 
• Perform wear, cleaning, and longevity characterization studies. 
• Quantify through development and validation of kinetic models the recovery and 

potential usefulness of active enzymes – setting the stage for process design 
improvements and optimization. 

• Evaluate the pro forma economics of the baseline biorefinery operation – as the basis 
point for future new equipment impact assessments. 

3.5.4 Logistics and Resources 
To accomplish the stated objectives, PT and solid and liquid separation operations are to be 
conducted in Edeniq’s existing, large-scale corn to cellulose migration demonstration/pilot 
plant and saccharification operations are to be conducted in the Continuous Sugars Process 
facility, which has been tied into the corn to cellulose migration plant. All operations will be 
conducted under the details of a formal run plan that outlines the process configuration, 
process set points, and sampling requirements. At the target of one dry ton per day, the front-
end of the corn to cellulose migration plant will be operated in batch mode. The 
saccharification and solid and liquid separation operations will be conducted in an overall 
continuous nature, but some of the operations will be conducted in an interrupted fashion due 
to a lack of full automation. 
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Edeniq has been conducting bench-top to demonstration plant operations for over 5 years and 
developed strong documentation and training programs. To implement safety, standard 
operating procedures, work permits, and standard personal protective equipment protocols will 
remain in place. As new operations and/or practices are implemented, written documentation 
and training are prepared and deployed to the Operations team. With these runs, alterations 
to the chemical injection (locations and equipment) and sampling (locations) practices will 
require the proper information transfer to the Operations team. 

Along with the proper training, all designs and alterations are subject to a formal process 
hazard analysis (that involves Human Resources, Engineering, Operations, and Maintenance.) 
The process may not be put into any level of operation until the requirements from the 
process hazard analysis are implemented. Prior to commissioning activities, a safety walk-
through is also conducted to focus on operability and more spatial-related observations such 
as trip/bump-hazards, insulation, egress paths, etc. 

3.5.5 System Monitoring 
The data collection and process control for the plant was primarily conducted by the 
programable logic controller that operates all of the automated devices and reads all of the 
instrumentation outputs. Many of the operations around the saccharification system have no 
measurement or control automation and must be conducted manually, often resulting in 
interrupted/variable operation. This process data was recorded in run logs. A good deal of the 
data was provided by lab analytical processes as well; these data were recorded in an Excel 
spreadsheet. 

To further develop the processes and optimize the existing setup, directly measurable and 
more complex metrics were established. The following optimizations and observations were 
focused on: 

• Saccharification auger baseline conditions and enzyme recycle strategy 
o Process conditions were controlled and optimized 

 Temperature 

 Residence time 

 Agitation 

 pH 

 PSD (fed to pretreatment) 

 Auger angle 

 Auger drain setup 

o Enzyme activity was measured through in-house assays 

 Different locations and split locations 

 Various enzymes 

 Use of additives 

o Solid/Liquid separation performance and operability 
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 Tangential Flow Filtration Recovery (as flux) and cleaning frequency and 
protocols 

 Suspended and dissolved solids concentrations 

3.5.6 Data Reduction and Reporting 
Each of the following performance metrics was assessed using standard protocols, as derived 
previously for biorefinery operations and monitoring (i.e., from Edeniq’s United States 
Department of Energy corn to cellulose migration project period): 

• Pretreatment efficiency 
• Saccharification efficiency (percent) 
• Initial pretreatment solids loading (percent, kg) 
• Saccharification solids loading (percent, kg) 
• Liquor removal (solids percent at auger 4 outlet) 
• Component wear 
• Production of sugar liquor (as glucose) 
• System mass balance 
• Overall yield of sugar recovery 

Reporting included detailed data measurements, reduction, and interpretations, and was 
consolidated into the Final Biorefinery Demonstration Runs Operations Report and the 
Summary Report. 
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CHAPTER 4: 
Initial Biorefinery Demonstration Runs 

4.1 Goal 
The goal of this task was to demonstrate the integrated conversion of project feedstocks to 
ethanol using Edeniq’s proprietary process in the 2 ton per day Biorefinery, prior to any 
equipment enhancements.  

4.2 Objectives 
The objectives were: 

• Perform a process hazards review assessment to determine the tests needed to ensure 
proper operation and safety of equipment added to the Biorefinery. 

• Commission the Biorefinery equipment enhancements, with appropriate process hazards 
reviews and start-up testing.  

• Demonstrate operation of the 2 ton per day Biorefinery using project feedstocks and 
achieving all preliminary performance goals in terms of overall yield, which was at least 
50 gallons of ethanol per dry ton of biomass. 

• Prepare and submit an operations report which evaluates the actual operation of the 
Biorefinery compared to preliminary performance goals and how proposed equipment 
enhancements will improve operation. 

4.3 Demonstration Runs Overview 
The initial runs for this project consisted of 25 demonstration scale runs as well as additional 
studies and exercises. These runs were successful in demonstrating the capacity of the auger 
saccharification reactors to operate in a continuous manner at 1 dry ton of biomass per day at 
up to 25 percent solid concentrations, in conjunction with downstream solid and liquid 
separations to provide for sugar separation and biomass and enzyme recycle. A large portion 
of the work also focused on developing material recycle and additive strategies. Enhanced 
enzyme activity studies were also conducted to improve and better understand enzyme 
performance. The system demonstrated, conservatively, a 20 percent improvement (relative to 
a batch saccharification process without recycle) in enzymatic hydrolysis efficiency of cellulose 
(hemi-cellulose showed no significant response) through the use of: 

• Continuous saccharification reactors 
• Enzyme and unreacted biomass recycle 
• Tangential Flow Filtration separations (sugar recovery and enzyme and additive 

retention) 
• Use of additives to improve enzyme activity and recoverability 
• Split enzyme dosing strategies 

The system showed few operational difficulties and minimal downtime. The only major 
reported downtime event was a failure of a vibrating screen, which was easily replaced and 
reconfigured to reduce the event. The other equipment issues were the longevity of the 
tangential flow filtration membrane, which showed delamination and channel collapse, and the 
CellunatorTM heads which showed erosion after a cumulative of over 1000 hours of operation 
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at 1 dry ton per day. The impacts on operability appeared to be negligible. The erosion rate on 
the CellunatorTM heads was decreased by an order of magnitude by implementing a stronger 
material. The last operational item was observance of contamination in the system, leading to 
increased ethanol and lactic acid concentrations. Proper temperature control and CIP 
procedures were enforced, and the contamination was no longer observed. 

The optimal conditions for the 4-auger system were established. The augers were found to 
operate best at a 5o inclination. At this angle, hold-up volume, solids conveyance, and liquid 
flow were optimized. The other operational consideration was the auger rotation speed. While 
there did not appear to be a benefit in hydrolysis efficiency from increasing the speed, there 
were slight reductions in hydrolysis efficiency at the very low speeds (10 percent). The speed 
sensitivity testing was conducted before the mix auger was added to the system, so it is likely 
that a threshold level mixing needed to be applied to fully disperse the enzymes. A lower 
auger speed was selected (25 percent) to provide a reasonable auger residence time (30 
minutes per auger). 

The effects of the auger reactor design and recycle scheme on the operating conditions were 
studied to develop an understanding of the appropriate baseline process conditions. It was 
expected that they would coincide with those of the batch systems, but it was deemed 
prudent to verify them, as well as understand the impacts on process control in the auger 
system with recycle. During the runs, process control charts were created; with the 
temperature control and buffer dosing schemes employed, adequate process control was 
observed. Sensitivity studies with respect to temperature and pH were conducted. Shorter-
time saccharification results in the demonstration-scale saccharification augers (before 
recycling was implemented) showed a good agreement with pilot-scale and bench-top (shake 
flasks) saccharification batch reactors. This was not the case at longer times when material 
recycle was implemented (demonstration-scale), as the comprehensive effects were not 
captured without material recycle. This result highlighted the fact that scale-down experiments 
can be conducted to develop baseline process conditions for saccharification with some 
success, but to understand the comprehensive impacts, larger-scale, full process tests must be 
conducted. This is most important when it comes to enzyme screening and extended, 
performance/activity assays. 

A large amount of work was performed to better understand enzyme performance and 
functionality in the dynamic system through the evaluation of conversions for various enzymes 
and dosage levels. These measurements helped to develop a better understanding of the 
impacts of implementing enzyme recycle and additive dosing. This work showed that the use 
of additive(s) with various enzymes can increase the overall sugars conversion up to 100 
percent (i.e., at a reasonable/economic dosing) and improve the durability (resistance to 
degradation, irreversible substrate binding, etc.) by up to a factor of 200 percent at long 
residence times. These results can be observed relative to each other to understand relative 
deficiencies of one enzyme to another, indicating when rate-limiting conditions exist. 

The assay data was also applied to more comprehensively study enzyme recycle response. 
Due to the complicated nature of the reaction, the data must be referenced to the yield 
performance, empirically determining the positive or negative nature of the impact of the 
changes in enzyme activity metrics. Although more work must be conducted to develop these 
data sets for full analysis, the assay data was used to evaluate the recovery of enzyme during 
tangential flow filtration operations and screen different enzymes. It was observed that the 
tangential flow filtration operation was successful in recovering 80 percent to 90 percent of the 
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residual enzymatic activity in a single pass filtration when an additive was used. This allows for 
the separation of product (sugar) and the effective use of the tangential flow filtration 
retentate as an enzyme recycle stream. 

Lastly, the assay data was applied to screen enzymes. The suite of activity metrics were used 
to determine which enzymes had greater durability and recovery, key attributes to successful 
performance in a recycle scheme. The impact of additives can also be screened for the 
different enzymes. This methodology provides additional tools to better implement scale-down 
testing, for enzyme and process studies/screening, thereby reducing the time and money 
required for development and optimization. 

4.4 Review of Hazard Assessment Process 
Edeniq imparts the highest levels of safety in our operations programs. As a standard, we 
implement multiple levels of documentation and activity to ensure that review, due diligence, 
and redundancy are innately integrated into our day-to-day operations. This section will 
describe the elements that make up our safety program. 

4.4.1 Process Design 
Safety begins before any equipment is purchased or installed, primarily through process and 
instrumentation drawing documentation and review meetings. Before a design is approved for 
construction, it must pass a design review to determine if it is a well-designed process from a 
process engineering perspective and that the controls are appropriate for the design. We 
create process and instrumentation drawings to a set of internal standards for consistency and 
clarity. 

Once the process and instrumentation drawings are approved, a formal process hazard 
analysis is held with 4 – 8 people in attendance. The process hazard analysis is facilitated by a 
lead individual who guides the group in evaluating potential hazards and determining if the 
appropriate level of safety exists. If the severity rating exceeds a threshold, the group 
develops a recommendation that must be implemented before the process is put into 
operation. At that point, the design is approved for procurement and the construction phase 
begins. 

4.4.2 Operating Procedures and Control Design 
During the construction phase, engineering and operations develop the standard operating 
procedures and the programmable logic controllers. With the nature of our research and 
development work, changes often have to be implemented during commissioning activities as 
complicated process phenomena are empirically determined. 

Once the initial set of standard operating procedures are developed, training focused on major 
hazards, procedures and controls, sampling, and required personal protective equipment is 
implemented in a classroom setting and followed by field walk-downs. 

Before any operations begin, a team of four – six people participate in a safety walk-down as 
review of construction details, spatial considerations (ergonomics, trip and bump hazards, etc.) 
insulation, safety equipment (signage, guards, eyewashes, etc.), etc. The process may not be 
started up until the safety walk-down team is satisfied with the physical plant. 

4.4.3 Operations  
To operate the facilities, Operations is equipped with standard operating procedures and run 
plans, as well as constant access to engineering. During commissioning activities, engineering 
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is 100 percent involved with Operations to ensure that the automation (including safety 
interlocks) and equipment are working properly, as well as to upgrade the control philosophy 
was the nuances of the process are learned. 

To deal with deviations from the standard operating procedures, Edeniq has a Safe Work 
Permit process designed to help Operations assess the appropriate safety steps to take. The 
first document is the Safe Work Permit. It evaluates the need to implement a Lock Out Tag 
Out, Line Breaking, or Hot Work permit process, all requiring supervisory review and approval. 

Daily tailgate meetings are held, as well as shift change handovers (which include review of 
the Operations Logbook) of information to ensure that everyone is away of any abnormal or 
potentially abnormal operations. 

4.5 Operations 
The operations for the initial runs were composed of the following primary operations: 
preprocessing, pretreatment, and saccharification. 

4.5.1 Preprocessing 
The goal of preprocessing was to take the as-shipped material (baled for corn stover) and 
remove foreign material, reduce the ash content and reduce the particle size. This process was 
run on a continuous basis. The material was stored in bulk sacks to be later fed to the 
downstream pretreatment process. 

After debaling, if required, the loose material was sent to a set of vibrating screens were fines 
were removed as ash, the middle cut was collected, and the oversize was sent to a 
hammermill. 

The hammer-milled material was combined with the middle cut to make up the preprocessed 
feedstock stream. 

4.5.2 Pretreatment 
Thermal pretreatment was used without any acid or base addition. For the initial runs, a batch 
pretreatment operation (see United States Department of Energy Report) was performed, 
followed by mechanical pretreatment using the proprietary CellunatorTM process. 

4.5.3 Saccharification  
Continuous saccharification was conducted in the Mix Auger and Saccharification Augers. 
Enzyme and solids recycle were implemented, bringing material back from the downstream 
solid and liquid separations operations after product (sugar) removal. 

Four and one quarter ton pretreatment batches, per day, were transferred to the Mix Auger, 
where enzymes were added. Different dosing schemes were tested, including implementing 
full dosing to the mix auger, as well as a split dosing between the auger and the Liquor Tank. 
In the initial runs, the augers were arranged in a simple series configuration, where the solids 
from one auger simply feed the subsequent one, although other configurations are possible. 
Each Saccharification Auger had a liquid drain, continually removing sugar liquor to be 
processed in solid and liquid separation. The solids were removed from the last auger to be 
processed in solid and liquid separation. The augers were insulated and equipped with water 
jackets to maintain saccharification temperatures. 
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CHAPTER 5: 
Biorefinery Upgrades 

5.1 Goal 
The goal of this task was to finalize the design and specification of any equipment 
modifications and/or additions to the Biorefinery needed to efficiently operate, prior to 
incurring equipment and construction costs. 

The objectives were to prepare and submit a Construction and Equipment List documenting 
the comprehensive construction costs. The Construction and Equipment List was to include all 
items to be purchased, constructed, or installed on the project. For each item, the letter 
provided: 

• The name of the item 
• The make, model, size, capacity or other information as appropriate to the item 
• The name of the entity that will be carrying out the purchase and/or installation of the 

item  
• The estimated cost to purchase and install the item 
• The schedule for obtaining a binding bid from the supplying or installing entity  

The product was the predecessor to the Construction and Equipment List, shown in Table 5. 

5.2 Equipment Addition List  
5.2.1 Review Design and Specifications Process  
Table 5 lists the new equipment that was purchased or built for this project. The specification 
column states whether the equipment was purchased per Edeniq’s specification or was actually 
designed with fabricators for original construction. 
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Table 5: Edeniq-CEC Pilot Plant Modifications 
Area 
No. 

Area Equipment 
Name  

Status Area 
No. 

Area Equipment 
Name 

Status 

00 Feedstock 
Processing 

Designed to 
Build 

05 Saccharification 
Recycle  

Designed to 
Build 

00 Bag Uploader Designed to 
Build 

05 SACC Auger 1 Designed to 
Build 

00 Conveyor  Designed to 
Build 

05 Liquor Suction 
Pump 1  

Purchased per 
Specification 

00 Vibrating Screen Purchased per 
Specification 

05 SACC Auger 2 Designed to 
Build 

00 Hammer Mill Purchased per 
Specification 

05 Liquor Suction 
Pump 2 

Purchased per 
Specification 

00 Filter House  Designed to 
Build 

05  SACC Auger 3 Designed to 
Build 

00 Discharger Auger Designed to 
Build 

05  Liquor Suction 
Pump 

Purchased per 
Specification  

00 Bag Loader Designed to 
Build 

05  SACC Auger 4 Designed to 
Build 

01 Front End 
Loading 

 05  Liquor Suction 
Pump 4 

Purchased per 
Specification  

01 Bag 
Unloader/Hopper 

Designed to 
Build 

05  Slurry Transfer 
Pump 

Designed to 
Build 

01 Feed 
Blower/Vacuum 

Designed to 
Build 

06 Sugar 
Separation  

 

01 Feedstock Bin Designed to 
Build 

06 Liquor Tank Designed to 
Build 

01 Feed Auger  Designed to 
Build 

06 Slurry Pump 1 Purchased per 
Specification 

02 Pretreatment, 
Mechanical 

 06 Vibrating Screen 1 Purchased per 
Specification 

02 mix, hydrate and 
disperse 
CellunatorTM 

Purchased then 
Modified 

06 Solids Transfer 
Hose Pump 

Purchased per 
Specification 

02 Slurry Pump 1 Purchased per 
Specification 

06 Filtrate Collection 
Tank 

Designed to 
Build 

02 MK Cellunator™ Purchased per 
Specification 

06 Filtrate Transfer 
Pump 

Purchased per 
Specification  



47 

Area 
No. 

Area Equipment 
Name  

Status Area 
No. 

Area Equipment 
Name 

Status 

02 Slurry Tank Purchased per 
Specification 

06 Filtrate Tank Designed to 
Build 

02 Slurry Tank 
Agitator 

Purchased per 
Specification 

06 Filtrate Tangential 
Flow Filtration 
Feed Pump 

Purchased per 
Specification 

02 Recirculation PD 
Pump 

Purchased per 
Specification  

06 Tangential Flow 
Filtration Recycle 
Pump 

Purchased per 
Specification  

03 Pretreatment, 
Thermal 

 06 Tangential Flow 
Filtration Filter  

Purchased per 
Specification 

03 High Pressure Feed 
Pump 

Purchased per 
Specification 

06 Product Tank  Designed to 
Build  

03 HPHT Auger or 
Heating Pipe 

Designed to 
Build 

06 Product Recycle 
Pump 

Purchased per 
Specification 

03 Flash Vessel  Designed to 
Build 

06 Product Heat 
Exchanger  

Purchased per 
Specification 

03 Flash Vessel 
Agitator  

Purchased per 
Specification  

07 Purge Solids 
Treatment 

 

03 Flash Trans Pump Purchased per 
Specification 

07 Solids Tank Designed to 
Build 

03 Flash Condenser  Purchased per 
Specification 

07 Vibrating Screen 2  Purchased per 
Specification 

03 Condensate Tank  Designed to 
Build 

07 Screw Press 1   Purchased per 
Specification  

 

03 Area Equipment 
Name  

Specification 07 Solids Wash 
System 

Designed to 
Build 

04 Saccharification, 
Primary 

Designed to 
Build 

07 Solid’s Polish 
System  

Designed to 
Build  

04 Mix Auger Designed to 
Build 

07 Bin (Solids) Designed to 
Build 

04 Pump (Hose)  Purchased per 
Specification 

08 Utilities    

   08 pH Buffer Tank Purchased per 
Specification  
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Area 
No. 

Area Equipment 
Name  

Status Area 
No. 

Area Equipment 
Name 

Status 

   08  pH Buffer 
Metering Pump 

Purchased per 
Specification  

   08  Enzyme Tank 1 Purchased per 
Specification  

   08  Enzyme Metering 
Pump 1 

Purchased per 
Specification  

   08  TCU 1 (Electric 
Heater/Pump) 

Purchased per 
Specification  

   08  TCU 2 (Electric 
Heater/Pump)  

Purchased per 
Specification  

Equipment List: Edeniq-CEC Pilot Plant Modifications, Project: Edeniq – CEC Pilot Plant 
Modifications, Project No.: ARV-11-018, Date: 15-Oct-13 (Source: Edeniq, Inc.) 

5.3 Approval to Proceed with Construction  
The goal of this task was to document preparedness to build the project, and to secure Energy 
Commission approval to begin incurring major construction costs. 

The objectives were: 

• Prepare and submit a Written Notification of Readiness to Construct stating the project 
has obtained all permits, third party agreements, binding construction and equipment 
bids, and all other items necessary to begin construction. 

• Develop and submit a proposed Construction Timeline running from the intended date 
to begin construction until the commercial operation date of the project. 

5.3.1 Document Approvals 
Edeniq certified that all necessary preparations for project construction were completed on 
June 30, 2014 and requested the Commission’s approval to proceed in the same Notification 
Letter. Approval was granted on July 1, 2014. 

5.3.2 Project Readiness  
Preparations had included the equipment and process design, project budgeting and 
scheduling that was documented in Task 4.1. Construction was accomplished by Edeniq’s own 
staff, as consistent with the revised budget plan. There were no third-party subcontracts 
associated with the on-site construction effort. 

5.4 Construction  
The goal of this task was to procure the equipment enhancements, incorporate them into the 
Biorefinery, and prepare them for operations. 

The objectives were: 

• Procure and install equipment enhancements at the Biorefinery, including the following 
major components:  
o Enhancements to feedstock pretreatment section 
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o Enhancements to hydrolysis reactor section 

• Test and commission equipment enhancements before operating  
• Prepare and submit a Written Notification of Operation and submit it to the Commission 

Project Manager within ten working days of operation of the Biorefinery with equipment 
enhancements. The Written Notification contained the following elements: 
o The date the Biorefinery resumed operation with equipment enhancements 

o A narrative on the current status of the project and initial operations 

o Changes made from the project as originally proposed and reasons for those 
changes 

5.4.1 Review Purchasing, Installation, and Commissioning Processes  
The construction and commissioning process was completed as of December 12, 2014. The 
Notification of Operations Letter was sent on December 15, 2014. The notification was 
accepted the following day. The plant was processing biomass continuously through 
conveyance and pretreatment, with continuous saccharification fully operational as reported 
previously. 

5.5 Revised Biorefinery Test Plan 
The goal of this task was to prepare a detailed test plan that had been revised to cover the 
intended operations of the Biorefinery after installation of the equipment enhancements. 

The objective was to develop and submit a revised test plan, including: 

• Logistic plan for continuous operations incorporating the specified equipment 
enhancements 

• The methods for monitoring operation to evaluate overall yields, intermediate yields, 
and by-product yields 

• Data collection, validation, analysis, and reporting 
The test planning for this project was broken up into two parts: Task 2.5, the Initial 
Biorefinery Test Plan and Task 4.4, the Revised Biorefinery Test Plan. Both parts shared a 
common basis in addressing the issues associated with developing an economical cellulosic 
ethanol process (see Section 3.5 of the Final Report or Task 2.5 which covers the associated 
challenges). The revised plan solved some of the challenges associated with the development 
of an economically attractive continuous pretreatment process, which was not included in the 
initial plan. 

5.5.1 Revised Test Plan Objectives 
The focus of the revised test plan was to develop the continuous thermal pretreatment system 
and further improve the recycle strategy to move toward a fully continuous and more 
economical process. The itemized objectives were as follows: 

• Demonstrate continuous operation of the feedstock sizing, pretreatment preprocessing, 
and the pretreatment reactor and cooling system until steady state operation has been 
achieved – with at least two prioritized feedstocks for this program 

• Achieve a throughput of 2 dry ton per day at 20 percent solids 
• Achieve a 70 percent glucose yield (based on glucan loading) at nominal enzyme dosing 
• Verify the ability to buffer the solution and implement various enzyme dosing strategies 
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• Establish optimized process conditions as a baseline for future operational optimizations 
• Develop and demonstrate sugar separations system, focusing on operability, cleaning 

frequency minimization, and cleaning optimization 
• Evaluate opportunities to increase overall recovery yield of sugars produced through 

improvements in separation systems, additional separation or washing steps and 
recycling of material for additional processing 

• Perform wear, cleaning, and longevity characterization studies 
• Integrate the continuous pretreatment system into the saccharification auger system – 

as the basis point for future new equipment installation and comparison. 
5.5.2 System Monitoring 
Additional data, beyond that collected in the initial plan, was collected for the preprocessing 
and pretreatment operations. The following optimizations and observations were focused on: 

• Preprocessing (dry) 
o Fines removal and composition 

o Sieve analysis 

• Preprocessing (wet) 
o Slurry PSD 

o Temperature increase during wet milling 

o Slurry rheology 

o Wet mill amperage 

o Wet mill wear 

o Slurry solids concentration 

o Hydration 

• Slurry transmission and pumping 
o Pump amperage 

o Pump wear 

o Pipeline pressure drop 

• Pretreatment reactor baseline conditions 
o Steam input for heating to pretreatment conditions 

o Severity factor will be controlled and optimized 

 Temperature 

 Residence time 

 Inhibitor concentrations 

o Solids concentration 

o Steam flashing 



51 

o Slurry cooling capacity 

o Suspended and dissolved solids 

• Solid and liquid separation performance and operability 
o Suspended solids recoveries 

o Dissolved solids and liquid recoveries 

o Recycle rates 

o Full composition on all streams 

o Suspended and dissolved solids concentrations on all streams 

o Sugar yields from tangential flow filtration 

5.5.3 Data Reduction and Reporting 
The same performance metrics were assessed and reported as per the initial run plan, with 
the addition of solids recycle and purge rate. 

Reporting included detailed data measurements, reduction, and interpretations – and were 
consolidated into the Final Biorefinery Demonstration Runs Operations Report and the 
Summary Report. 

5.6 Revised Biorefinery Demonstration Runs  
The goal of this task was to demonstrate the integrated conversion to ethanol using Edeniq's 
proprietary process in its 2 ton per day Biorefinery after installation of the equipment 
enhancements.  

The objectives were: 

• Demonstrate operation of the 2 ton per day Biorefinery achieving at least 70 gallons 
ethanol per ton of biomass. 

• Prepare and submit an operations report which describes the results of the biorefinery 
demonstration run, including the overall ethanol yield and evaluation of the actual 
operation of the Biorefinery compared to preliminary performance goals. 

5.6.1 Summary  
The revised runs for this project, shown in Figure 11, were successful in demonstrating the 
operability of a continuous pretreatment process that includes mechanical preprocessing and 
thermal hydrolysis combined with steam explosion, operated at throughput of 3.5 dry tons per 
day at up to 12 percent solids concentration existing the flash vessel (up to 18 percent in the 
feed). Three +140-hour runs were conducted, with continuous pretreatment operations 
combined with saccharification and enzyme recycle operations and full solid and liquid 
separation operations to better understand the quality and magnitude of the recycle and waste 
streams. With additional development of the pretreatment, saccharification, and solid and 
liquid separation operations, overall (C5 + C6) sugar conversions of 78 percent were achieved. 
Overall sugar yields of 50 percent to 72 percent were attainable through various processing 
strategies, which can vary depending on whether the product stream is to be a high-quality 
sugar solution or a slurry to be fermented and distilled. 
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The improvement in major performance metrics, beyond the results from the initial runs, and 
ability to operate the front end in a continuous mode were the direct result of the following 
major efforts: 

• Improvement of the operability of the mechanical preprocessing and pretreatment 
operations 

• Developing control of the continuous pretreatment and flashing operations 
• Improvement of the hydrolysis efficiency of a the chemical-free pretreatment process 
• Understanding the impact of solids concentration and mixing in saccharification 
• Improving the recoveries and operability of the solid and liquid separation 
• Developing a more efficient recycle and purge strategy 

Figure 11: Process Flow Diagrams for Initial (Top) and Revised (Bottom) 
Demonstration Runs 

 

Source: Edeniq, Inc. 

The system showed few insurmountable operational difficulties and minimal downtime. 
Undoubtedly, the downtime for any aspect of the process was typically a response to the 
solid’s concentration. The only downtimes related to mechanical failures were when steam 
leaks developed from improperly installed or welded connections. The majority of the 
downtime related to operability occurred when a plug developed in the mechanical or thermal 
pretreatment piping or equipment. All plugging events were remediated within 2 hours or less 
and often resulted in negligible productivity loss as slack was taken out of the system 
elsewhere by increasing throughput or recycle rate. The average downtime for the plant (as 
realized in productivity losses) was estimated at 3.9 percent. 

One of the developments that played a key role in creating operability of the front end 
(preprocessing through pretreatment) was the redesign of the wet-milling equipment. A new 
generation of Edeniq wet-milling technology was implemented to: 
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• Reduce hydration and particle size reduction power requirements by as much as 50 
percent 

• Produce an optimal particle size distribution to improve 
o Slurry rheology to reduce dewatering tendency 

o Pretreatment efficiency 

o Downstream separation considerations 

• Eliminate equipment from the dry preprocessing operations 
o Further reducing power and capital requirements 

• Improving some of the wear issues with cost effective replacement parts 
Two thermal pretreatment reactor styles were tested, shown in Figure 12, and the response, 
measured as glucan and xylan conversion in saccharification and inhibitor generation, was 
observed to determine optimal operating conditions and maximum yields. Comparison testing 
confirmed the advantages of a plug flow reactor over a continuous stirred tank reactor. The 
continuous stirred tank reactor was not be able to achieve as high a xylan conversion and as 
low an inhibitor concentration with maximized glucan conversion. At optimal conditions, both 
reactor styles were capable of achieving glucan conversions near 55 percent. The continuous 
stirred tank reactor achieved 82 percent xylan conversion, as compared to the plug flow 
reactor, which achieved 85 percent conversions, while creating only 25 percent of the 
inhibitors as compared to the continuous stirred tank reactor. Pretreatment conditions were 
found to be optimal at a severity of 3.95; i.e., 175˚C for 45 minutes in the continuous stirred 
tank reactor and 180˚C for 25 minutes in the plug flow reactor (350˚F in the continuous 
stirred tank reactor and 360˚F in the plug flow reactor). Different residence times were 
required due to the volumetric capacity of the reactors and throughput capacity of the 
equipment upstream and downstream of the reactors. 

Figure 12: Plug Flow Reactor (left) and Plug Flow Reactor (right) Reactors Used for 
Continuous Pretreatment 

 

Source: Edeniq, Inc. 
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In the revised plan, two major changes were implemented to the process. The first was the 
implementation of an additional separation unit operation immediately downstream of thermal 
pretreatment to reduce saccharification inhibition of the larger solids fraction. The second was 
to implement a new strategy in the solid and liquid separation operations (the details will be 
discussed later). The conversions during the demonstration were increased by an average of 
40 percent for glucan and 5 percent for xylan, along with a 20 percent reduction in enzyme 
dosage and a 28 percent increase in sugar recovery. 

5.6.2 Operations 
The operations for the initial runs were composed of the following primary operations: 
5.6.2.1 Dry Processing 
The goal of dry preprocessing was to take the as-shipped material (baled for corn stover) and 
remove foreign material, reduce the ash content and reduce the particle size. This process was 
run on a continuous basis. The material was stored in bulk sacks to be later fed to the 
downstream pretreatment process. 

After debaling, if required, the loose material was sent to a set of vibrating screens were fines 
were removed as ash, the middle cut was collected, and the oversize was sent to a 
hammermill. The hammer-milled material was combined with the middle cut to make up the 
preprocessed feedstock stream. 
5.6.2.2 Wet-Milling and Mechanical Pretreatment 
To get the solids into a high-pressure reactor, Edeniq’s strategy was to pump the slurry up to 
the required reactor pressure. Previous designs that incorporated airlocks to load very high 
solids directly to pretreatment could not be implemented successfully at the pilot scale. The 
inability to implement mechanical pretreatment (wet-milling), the difficulty of feeding solids to 
the equipment (solids bridging), and the uncertainty about optimal solids concentrations in 
thermal pretreatment (for hydrolysis reactions and downstream unit operations) also 
supported abandoning the air-lock design. 

The hydration and mechanical pretreatment process was accomplished with one piece of 
equipment and hydration, shear, and particle sizing were therefore accomplished in one step. 
This equipment received loose fibers and water and generated a heated slurry. This fully 
hydrated solids slurry was delivered to a screw-fed, progressive cavity pump, which provided 
the transition between the atmospheric pressure system and the higher-pressure equilibrium 
of the thermal pretreatment unit operations. 
5.6.2.3 Thermal Pretreatment 
Thermal pretreatment was used without any acid or base hydrolysis. The mechanically 
pretreated slurry was pumped through a direct steam injection heater to heat the slurry to the 
thermal pretreatment temperature set point. Due to the dewatering potential of the 
unpretreated slurry, the direct stream injection system was designed and constructed in-
house. Commercial designs were unacceptable for solids concentrations greater than 8 – 10 
percent, especially for highly fibrous feedstocks. The low end of our acceptable operating 
solids concentration was 10 to 12 percent solids, where the free water phase no longer exists 
and potential for bridging and subsequent dewatering and plugging are significant. 

Once heated to temperature, the slurry entered the pretreatment reactor, where the 
temperature was maintained for the required residence time. Upon exit of the reactor, a 
control valve was used to throttle the slurry to atmospheric pressure, flashing off steam and 
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inhibitors in the process. The demonstration plant did not reclaim this heat, but simply 
condensed it as wastewater (not dealt with in the scope of this project) and the flashed slurry 
was cooled by the flask tank chill water jacket. 
5.6.2.4 Saccharification 
For this project, saccharification was conducted in the continuous saccharification augers, 
which was covered in Section 4, and in batch saccharification tanks. Enzyme recycle and solids 
recycle were implemented for both saccharification methods, bringing material back from the 
downstream solid and liquid separation operations after product (sugar) and waste (lignin) 
removal. 

As stated in Section 4, the continuous saccharification augers operated at 1 dry ton per day. 
The batch saccharification tanks were operated at a rate of just under 2 dry tons per day. 

In the revised plan, an additional unit operation was implemented upstream of 
saccharification. Work for another project demonstrated the improvement in hydrolysis 
efficiency when the pretreated slurry was dewatered, and the liquids and solids were 
saccharified independently. This operation was implemented in the demonstration runs, along 
with enzyme recycle, but due to a lack of resources, the liquid stream was saccharified at the 
small-scale. Past experience demonstrated this to be representative of the demonstration scale 
due to the nature of this stream, which consisted of only fine suspended solids.  
5.6.2.5 Solid and Liquid Separations 
The solid and liquid separation operations were improved during the demonstration runs. The 
initial runs suffered from a few unresolved problems: 

• Improved, but still low conversions 
• Low product recoveries/yields 
• No waste stream 
• Accumulation of material in the system 
• To move the design to the next generation, two concepts were implemented: (1) 

redesign the solid and liquid separation to provide for a much sharper solids and liquids 
separation and (2) only recycle the solids stream to saccharification. This was 
accomplished by including the screw press in the system, reconfiguration of the flows in 
and out of the system, as well as inside the system, including recycling between 
different solid and liquid separation equipment, and adding a centrifuge. 

The new design effectively processed solids and liquor from saccharification, to produce a 
solids and enzyme rich recycle stream, which was returned to saccharification, and a clean, 
suspended-solids free sugar and lignin rich stream, which was processed by tangential flow 
filtration or sent to fermentation. The tangential flow filtration processed this stream to 
produce a clean sugar stream and a moderate-moisture, lignin-rich waste stream. 

5.6.3 Data and Results  
The high-level operational achievements were stated in Section 5.5.1. This section delves into 
some of the key data that was generated from the demonstration runs and the bench-top 
work that was conducted to develop a better understanding of the fundamental phenomena. A 
more detailed review of this work is reported in Task 4.5. 
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Figure 13 represents the demonstration of a full continuous process with recycle. To validate 
the process, we focused on reporting data representing a closed mass balance, sugar 
production and recovery, process control, and adequate cleaning (lack of contamination). 

Figure 13: Closed Mass Balance, Sugar Production and Recovery, Process Control, 
and Adequate Cleaning (Lack of Contamination) 

 

 Source: Edeniq, Inc. 

The average overall mass balance for the runs during the demonstration test showed a good 
total mass closure at negative 5.9 percent while the solids mass balance closure was very 
good at 2.7 percent. Examining the component mass balances for glucan/glucose and 
xylan/xylose indicates a total conversion of 77 percent for glucose and 74 percent for xylose. 
The sugar production yield (i.e., recovered in the product stream from the tangential flow 
filtration) is reported as two values, the first value is what was recovered at the demonstration 
scale, and the second number includes the total sugar yield including the liquids 
saccharification stream. The liquid saccharification could not be conducted during the 
demonstration runs due to resource limitations, but it was a critical part of the process, 
containing about 50 percent of the glucose yield and 75 percent of the xylose yield. The 
overall glucose yield out the tangential flow filtration was 37 percent and 68 percent and the 
xylose yield was 19 percent and 66 percent. These ratios result in a glucose recovery of 86 
percent and a xylose recovery of 88 percent. All of these reported values are expected to be 
conservative. Although the system is operating at steady-state from a process perspective, the 
performance values are slowly increasing as solids accumulation and enzyme concentrations 
build up to their steady-state values. This is most likely due to the large influence of the 
recycle scheme (e.g., specifically the purging strategy). Figures 14 and 15 illustrates the 
degree of approach to steady state from a performance perspective. 
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Figure 14: Biomass Conversion Reported as Cumulative and Instantaneous 

 

Source: Edeniq, Inc. 

The conversion and yield data are our only metrics to be applied to evaluate the performance 
of the recycle process. The agreement with the enzyme supplier forbids Edeniq to continue to 
perform the assays reported on in Section 4. Indirect methods can be applied, but they have 
not been fully developed yet; therefore, no additional reporting on specific enzyme activities 
exists for this work. 

One of the sensitivity analyses conducted was the impact of severity factor on pretreatment 
efficiency, when measured as conversion in a 10 percent solids slurry with 6 percent enzyme 
dosing for the two continuous reactor schemes. The majority of the work was conducted in 
the continuous stirred tank reactor, as it was expected to deviate the most from the batch 
reactor. The C5, C6, and ratio of C5:C6 responses are shown in Figure 16. Both reactors show 
a similar response to severity factor, with an optimal severity factor being at greater than 
3.85. As we were interested in both the C5 and C6 yields, a severity factor of 3.9 was deemed 
the target value. This is the value that takes advantage of the different response curves for C5 
and C6 and the fact that there is more glucan available than xylan in the feedstock. It was 
observed that the plug flow reactor provided better C5 and C6 conversions for the conditions 
tested. The plug flow reactor was operated at higher temperatures and lower residence times 
due to the capacity (volume) limitation of the plug flow reactor. The inhibitor levels from the 
plug flow reactor operations were about 25 percent of what was observed in the continuous 
stirred tank reactor. This may indicate that shorter times at higher temperatures are beneficial 
from a conversion and inhibitor perspective. The continuous stirred tank reactor is not easily 
operated at the plug flow reactor conditions due to the pressure rating of the continuous 
stirred tank reactor. Additional work is required to resolve this difference. 
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Figure 15: Sugar Yield Reported as Cumulative and Instantaneous (Liquid 
Saccharification is Included) 

 

Source: Edeniq, Inc. 

A major accomplishment was made during these runs in implementing the mechanical 
pretreatment (wet milling) unit operation in continuous operations, explained in Section 
5.5.3.2. This technology was demonstrated to increase operable solids concentrations from 8 
percent to up to 18 percent solids, reduce the wet-milling and hydration equipment electrical 
loads by as much as 50 percent, and reduce the operating costs of the wet-milling equipment 
dramatically. This has not been fully quantified, but the preliminary results appear significant 
by using inexpensive, replaceable wear parts. Currently, the design is being improved to 
consistently operate above 18 percent solids concentration while requiring less upstream dry 
preprocessing to further reduce energy requirement. Other significant opportunities exist and 
have been demonstrated. The unit has been operated at lower solids concentrations (10 
percent) with debaled-only material (i.e., no dry size reduction or preprocessing steps). With 
development to higher solids concentrations, this could further reduce the preprocessing 
energy and capital requirements by eliminating whole pieces (e.g., dry milling/grinding) of 
equipment entirely. 

When considering wear and maintenance, two other components associated with the front end 
that were reviewed and included the flash control valve and high-pressure pump. For the flash 
control valve, there was no measurable material loss after the 3, 140+ hour runs. Visual 
inspection also reported no signs of wear. The pumping section of the high-pressure pump is a 
progressive cavity design and the stator is a grade of hard rubber design for erosive fluids. 
The material selection was performed in conjunction with the pump manufacturer. Rubber has 
an excellent combination of hardness and abrasion resistance, but we still expected to see 
some degree of wear from the beginning, including some scoring at the sliding surfaces. 
Throughout the runs, absolutely no wear was visible on the rotor (stainless steel) or the stator. 
All inspections were visual. 
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Figure 16: C5 and Relative C6 and C5 Response to Severity Factor 

 

Source: Edeniq, Inc. 

Moving to the backend of the plant, the goal of the solid and liquid separation unit operations 
is to separate the sugar from the recovered liquid stream, recycle the enzymes and unreacted 
biomass, and produce a concentrated waste stream. In the revised operations, marked 
improvements in the solid and liquid separation recoveries were realized by implementing the 
methods described in Section 5.5.3.5. The improvements in the conversions were 
accompanied by, if not a partial result of, improvements in solid and liquid separation 
operations, shown in Figure 17 for the key operations. For the most part, the solid and liquid 
separation operations were improved, but in the case of the saccharified slurry, the difference 
is dramatic. In the initial runs, the entire slurry was recycled from Auger #4 to Auger #1, 
without recovering any of the liquid. In the revised runs the saccharified liquor and the solids 
were processed together to remove all of the liquid and saccharification products. 
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Figure 17: Solid and Liquid Separation Related Suspended Solids Recoveries and 
Liquid Removal 

 

Source: Edeniq, Inc. 

5.6.4 Conclusion 
Edeniq has demonstrated the ability to operate a continuous cellulosic sugar process with all 
major components, including wet-milling, thermal pretreatment, saccharification, enzyme 
recycle, and sugar recovery. The process has achieved 78 percent conversion of cellulosic and 
hemicellulosic biomass with the ability to recover 85 percent of the hydrolyzed sugar as a 
concentrated product stream. The results are directly applicable to the cellulosic ethanol 
process, possibly at a recovery closer to 100 percent. The continuous process was 
demonstrated at rate of 3.5 dry tons per day and 12 percent solids concentration, except for 
the saccharification process that was only demonstrated at 1 dry ton per day and up to 25 
percent solids concentration. The targets of 20 percent solids in pretreatment and 2 dry tons 
per day in the saccharification augers were not attained. Edeniq’s technologies are being 
developed to achieve the target solids concentrations as well as the auger capacity with 
development of the recycle strategy. 

Edeniq has built and operated a process that is scalable to commercial production levels. The 
groundwork has been laid in establishing baseline operating conditions and performance 
metrics from which to further develop and optimize the performance of preprocessing, 
pretreatment, saccharification, and recovery unit operations with respect to yields, operating 
costs, and capital requirements. Edeniq also believes there to still be low-hanging fruit to 
further increase biomass conversion values and reduce enzyme usage to economical levels. 
5.6.5 Recommendations 
One of the remaining low hanging fruits is optimization of the solid and liquid separation 
process. In this work, a centrifuge was commissioned and put into operation to further 
improve the solids recoveries to the recycle stream and greatly improve tangential flow 
filtration sugar recoveries. Preliminary testing was positive, but additional work must be 
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conducted to determine the optimum separation quality to be implemented on saccharified 
material and pretreated material. 

Optimization of the system purge and recycle stream must be further developed. This most 
likely requires a mixed strategy of bench-top experiments and long-term pilot or 
demonstration scale runs. Additional unit operations such as a polishing step, inhibitor 
removal/separation, or other such examples to concentrate biomass and enzyme in the recycle 
stream and inhibitor constituents in the waste stream should be explored to further reduce 
enzyme requirements. 

The saccharification auger design must be upgraded to improve counter-current solids and 
liquids flow to efficiently remove saccharification products and mix reactants. As well, there 
may be an opportunity to enhance the mix auger functionality by improving the mixing 
efficiency with mechanical design and enzyme injection details, to improve the initial kinetics 
of the hydrolysis reactions. Accurate customization of the augers to the material is much more 
practical now as the process conditions and recycle strategy are well along and the physical 
properties can be demonstrated and measured, instead of estimated or predicted. 

Design of a simple and scalable plug flow pretreatment reactor should be investigated and 
evaluated against a scaled-up auger reactor. Preliminary testing of a simple, pilot-scale reactor 
would be required to qualify a general design. 

The current design is water intensive. Water recovery, recycling and/or treating must be better 
developed and understood as part of the overall design. 
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CHAPTER 6: 
Economic and Sustainability Analyses 

The goal of this task was to develop detailed models to evaluate the lifecycle GHG emissions 
and carbon intensity of Edeniq’s biomass to ethanol process as demonstrated under this 
project. 

The objectives were: 

• Develop a detailed life cycle assessment model. 
• Evaluate the impact of Edeniq’s proprietary process for cellulosic ethanol production on 

GHG emissions as well as water use, land use, and criteria air pollutants using the 
model. 

• Generate carbon-intensity estimates compatible with the Low Carbon Fuel Standard. 
• Prepare and submit a modeling report which describes the life cycle assessment model 

developed and carbon-intensity estimates for cellulosic ethanol production. 
6.1 Life Cycle Analyses Overview and Summary  
A life cycle assessment was conducted to evaluate GHG emissions, energy consumption, 
criteria air pollutants, direct water consumption and direct land use for ethanol produced from 
a dry mill corn ethanol facility with a bolt-on technology to produce ethanol from a cellulosic 
feedstock. The assessment was applied to three facilities models; all assuming the production 
of ethanol and wet distiller’s grains and solubles as a co-product. The three models include a 
baseline facility with no bolt-on technology, a facility with a low level of stover input through 
the bolt-on technology, and a facility with high stover input through the bolt-on technology. In 
all cases ethanol production volumes were assumed constant. Environmental impacts were 
evaluated for the ethanol produced from corn grain in each of three cases, and cellulosic 
ethanol from corn stover in the bolt-on cases.  

The baseline California ethanol facility illustrated a 16 percent reduction in carbon intensity as 
compared to gasoline. The corn stover bolt-on cases showed significantly greater reductions 
ranging from 27 percent to 74 percent for the delivered ethanol from the stover feed material. 
The high stover feed case with the bolt-on technology had the lowest carbon intensity values 
of 41 gCO2/MJ and 25 gCO2/MJ as determined for 40 percent and 25 percent harvest rates 
respectively. The higher harvest rate for stover required additional fertilizer to be added to the 
fields to achieve sustainable land used conditions. The higher stover case benefits from the 
reduced emissions resulting from the residual solids being used to offset natural gas 
consumption for steam generation in the facility.  
6.1.1 Life Cycle Analysis 
The assessment process was broken into four steps: (1) life cycle inventory development of 
corn and corn stover production in California; (2) transportation of feedstocks; (3) ethanol 
facility operations; and (4) ethanol and co-product allocation. Two feedstock supply scenarios 
for corn stover are included in the analysis (i.e., a 25 percent harvest rate and a 40 percent 
harvest rate), and three allocation methods are tested for ethanol and its primary co-product, 
wet distiller’s grains and solubles. Figure 18 shows that stover ethanol produced in the 
modeled system has the potential to achieve deep reductions in carbon intensity relative to 
gasoline on a per-MJ basis.  
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Results show a significant difference in carbon intensity for ethanol produced at the high 
stover and low stover facilities – this is largely driven by how the residual stover material is 
used in the process. In the low stover bolt-on case, all of the residual byproduct is added to 
the wet distiller’s grains and solubles stream and the stover ethanol simply receives a portion 
of the co-product credit from wet distiller’s grains and solubles. In the high stover rate case, a 
small fraction of residual is added to the wet distiller’s grains and solubles co-product as 
determined based on a target protein content for the wet distiller’s grains and solubles, and a 
large amount of stover residual remains and is used as boiler fuel, reducing natural gas 
demand for heat at the facility by about 40 percent. The stover ethanol is credited with this 
reduction in natural gas demand and thus the high stover case has a lower carbon intensity 
and better net energy performance.  

The figure also shows significant differences driven by feedstock harvest rates. At a 40 percent 
harvest rate, it is assumed that supplemental fertilizer is required to replace nutrients removed 
in harvested stover, which would otherwise be reincorporated into soil. In the 25 percent 
harvest rate case, it is assumed that no supplemental fertilizer is required. These assumptions 
reflect the uncertainty in the level of nutrient replacement that might be required when stover 
is harvested, and thus the upper and lower bounds for nutrient replacement are used – either 
100 percent or zero percent. Another uncertain parameter is the effect of stover harvest on 
soil carbon levels. This study does not include possible changes in soil carbon levels due to 
stover harvest. 

Figure 18: Stover Ethanol Carbon Intensity 

 

Source: Edeniq, Inc. Stover ethanol carbon intensity for the high and low stover facilities at a 40 percent harvest 
rate for stover compared to gasoline, Midwestern average ethanol, and the Low Carbon Fuel Standards 2020 CI 
target [1, 2]. EtOH = ethanol, LCFS = Low Carbon Fuel Standard, CARBOB = California reformulated gasoline 
blend-stocks for oxygenate blending, CI = Carbon Intensity 
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Figure 18 includes only one of the co-product allocation scenarios tested in this study, typical 
dairy feed displacement calculations for wet distiller’s grains and solubles (as used in Low 
Carbon Fuel Standards carbon intensity calculations). The scenarios tested (economic 
allocation, typical displacement calculations, and displacement calculations tailored to current 
California dairy feed market conditions) show co-product allocation decisions do affect carbon 
intensity estimates, particularly for the low stover facility case. The carbon intensity of 
cellulosic ethanol varies from 56.0 to 70.1 g CO2e/MJ in the low stover bolt-on case, and 25.1 
to 40.8 g CO2e/MJ in the high stover bolt-on case, depending on co-product allocation 
decisions and the harvest rate assumption.  

Corn ethanol produced from the three facility cases shows nearly constant carbon intensity 
values of 42.2 to 43.5 g CO2e/MJ, without indirect land use change, regardless of the capacity 
of the bolt-on technology (zero, low or high) and regardless of the co-product allocation 
method used. California’s Low Carbon Fuel Standards currently assigns an additional 30 g 
CO2e/MJ of corn ethanol for iLUC emissions. If this adder is included, the carbon intensity for 
corn grain ethanol from these three modeled facilities ranges from 72.2 to 73.5 g CO2e/MJ, 
lower than the estimate for corn ethanol from a dry mill plant producing wet distiller’s grains 
and solubles in California (80.7 g CO2e/MJ). 

Stover cultivation and utility consumption in the ethanol facility are the most carbon intensive 
processes for cellulosic production at the 40 percent harvest rate, shown in Figure 19. The 
great differences between the low stover case and high stover case are from the facility utility 
usage and wet distiller’s grains and solubles credits. In the high stover case, stover residuals 
are combusted in the boiler to generate heat and displace natural gas demand. The large 
amount of heat provided by the combustion makes the carbon emission from bolt-on system 
below zero and thus reduced total carbon intensity of cellulosic ethanol. The low stover case 
benefits from wet distiller’s grains and solubles stream that contributed by corn stover, but the 
electricity consumption of the bolt-on system is large and cellulosic ethanol production is 
relatively low compared to the energy consumption from the facility. Therefore, the carbon 
intensity of cellulosic ethanol from low stover case is much higher than that from high stover 
case. 
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Figure 19: GHG’s From Cellulosic Ethanol at 40% Harvest Rate with Greenhouse 
Gases, Regulated Emissions, and Energy in Transportation Displacement 

 

Source: Edeniq, Inc. 

6.1.2 Life Cycle Analysis Conclusions 
The improved performance of stover ethanol from the high stover facility suggests that an 
important driver for lowering the carbon intensity values by over 60 percent in comparison to 
gasoline is the provision of renewable boiler feed material, and that cellulosic ethanol should 
be produced in sufficient volume to provide residual material to displace facility fuels such as 
natural gas. Decreased carbon intensity values of up to 74 percent are achieved with the more 
economic low stover bolt-on cases when the all of the residual stover solids are integrated into 
the animal feed co-product (see section 6.3 Economic Considerations below). Economic and 
life cycle tradeoffs consideration are both important when developing a sustainable strategy 
for California cellulosic ethanol biorefinery options.  

6.1.3 Life Cycle Analysis Recommendations 
Several tradeoffs are critical when considering strategies for implementing a cellulosic ethanol 
biorefinery in California. One key factor is the life cycle analysis of greenhouse gases and 
recommendations for improved carbon intensity values include the utilizing the residual solids 
from the cellulosic feedstock as a boiler feed replacement in comparison to using these solids 
to only supplementing animal feed co-products. Another recommendation is to adopt a corn 
stover harvest policy that minimizes supplemental fertilizers additions such as removing only 
25 percent of the stover from the field. Although transportation carbon intensity values will 
increase (provide less benefit to the air) at the larger bolt-on case due to the greater radius 
required to meet the facility demand, the net benefit is positive.  

6.2 Feedstock Sustainability Overview and Summary  
In California, the primary feedstocks for cellulosic ethanol production over the next five years 
are most likely to be derived from the corn plant – i.e. corn stover and corn kernel fiber. The 
primary reasons are: (1) corn stover is the most widely-available cellulosic feedstock and does 
not require additional land cultivation, (2) high land values and irrigation requirements are 
strong barriers to entry for energy crops in California, and (3) California-specific agricultural 
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residues, such as almond hulls, do not have an optimal material composition for development 
as biofuel feedstocks. 

6.2.1 Feedstock Sustainability 
The objective of any sustainability analysis usually considers whether a system can be 
supported over time given the resources used by that system. Environmental resources, 
including climate and water, are often key concerns given the impact of modern modes of 
production on these resources and the fact that their costs are often not properly accounted 
for in the cost of the products and services that rely on them.  

In evaluating various cellulosic feedstocks for use in biofuel production, Edeniq considered a 
variety of factors. These considerations can be summarized as follows: (1) Available in 
sufficient quantities to support commercial biofuel production; (2) Low greenhouse gas 
emissions on a life cycle assessment basis; (3) Limited detrimental impacts on the surrounding 
ecosystem and its resources; (4) Production economics that are compatible with commercial 
(i.e. profitable for growers) biofuel production; and (5) Competitive production economics for 
biofuel producers. 

It is Edeniq’s view that there are several broad classes of cellulosic feedstock that could 
potentially be used in ethanol production in California, including: (1) Crop residues/waste 
feedstocks; (2) Energy crops grown specifically for ethanol production; and (3) Corn 
kernel fiber, an agricultural residue already available at ethanol plants. Any part of the crop 
that is not used directly in the course of food or fuel production can be considered part of the 
crop residue and both corn stover and corn kernel fiber have received the designation of 
“cellulosic” from the United States Environmental Protection Agency.  

Key drivers of the life cycle greenhouse emissions of a cellulosic feedstock include cultivation 
requirements, local availability, density within a given radius, composition, quality (e.g., ash 
content), and how the feedstock is processed into a biofuel. Crop residues have the additional 
advantage of not requiring the replacement of natural ecosystems with additional cropland, in 
line with the second goal defined under Section 3101.5 of Title 20 (CEC, 2009) and section 
44272 (c) (5) of the California Health and Safety Code. 

Several California-specific feedstock considerations emerged through conversations with 
industry contacts that are directly involved in the cellulosic feedstock supply chain, including 
discussions with Ceres and NexSteppe, two California-based energy-crop companies. These 
considerations include: 

• Land value: Contacts cited high land values and the high price of alternative crops as 
impediments to the development of local sources. For example, local suppliers indicated 
hay prices of $255 per ton to $280 per ton and alfalfa prices of $280 to $307 per ton. 
Therefore, inducing growers to switch to biofuel crops is challenging. 

• Irrigation: On-purpose energy crops will require intensive agricultural practices, 
including irrigation and some degree of fertilization, to achieve economic yields for 
biofuel production.  

• Downstream competition: Ethanol producers must compete with the feed industry for 
cellulosic feedstock. The dairy industry is a key source of feed demand that can drive 
up the price of cellulosic feedstock. Although a positive for growers, this is a challenge 
for ethanol producers.  
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• Unique local cellulosic feedstock profile: Corn stover is more abundant relative to other 
cellulosic feedstocks in California but is much less abundant than in the Midwest. On the 
other hand, some forms of agricultural residue, such as almond hulls, are unique to 
California.  

Four specific feedstock alternatives – corn stover, switchgrass, almond hulls, and corn kernel 
fiber – are discussed. These four feedstocks were selected to illustrate the importance of 
holistically considering a number of factors, including material composition, availability, 
commercial potential, and land use.  

• Corn stover: Overall, corn stover represents the most widely available cellulosic 
feedstock for California. Due to its growth and harvesting in natural parallel processes 
with corn, no additional land cultivation is required, advantaging this feedstock over a 
number of alternatives such as purpose-grown energy crops. 

• Switchgrass: Energy crops, such as switchgrass, can be grown at high density, and bred 
for composition, quality, and reduced life-cycle basis impact as a biofuel feedstock. 
However, without fertilizer use and with limited water use, yields are low: 
approximately 1 ton per acre to 8 tons per acre. Under intense cropping systems, yields 
can exceed 19 tons per acre, but high land values and irrigation requirements (for 
marginal lands) are significant economic barriers to the widespread deployment of 
purpose-grown energy crops.  

• Almond hulls: California accounts for 80 percent of almond production, globally, and the 
hulls and shells represent approximately 775 thousand tons of feedstock. However, the 
cellulose content – and particularly available glucose – is insufficient to support 
development of almond hulls as a feedstock for cellulosic ethanol production. 

• Corn kernel fiber: Corn kernels contain up to 13 percent cellulosic fiber that remains 
unconverted in an ethanol plant and ends up in the byproduct distiller’s grains. Like 
corn stover, corn kernel fiber (as a biofuels resource) does not require additional land 
cultivation or irrigation investment and already exists at the ethanol facility. However, 
volume potential of 4 to 7 million gallons per year of cellulosic ethanol in California is 
more limited relative to corn stover.  

6.2.2 Feedstock Sustainability Conclusions  
Several alternatives to corn stover were considered, but a “substantial reduction” can only be 
achieved through the use of feedstocks that are widely available and economically viable. 
Therefore, corn stover and corn kernel fiber remain the leading options for use in cellulosic 
biofuel processes that can contribute to meeting the goals of the Low Carbon Fuel Standard. 
The economics disadvantages of energy corps (e.g., switch grass) and residual agricultural by-
products (e.g., almond hulls) in California are barriers to these alternatives being sustainable 
and viable.  

6.2.3 Feedstock Sustainability Recommendations  
Corn stover and corn kernel fiber should be the focus of near-term commercialization of 
cellulosic ethanol in California. Corn stover is a widely available cellulosic feedstock. Although 
more limited in quantity in California relative to the Midwest, there is sufficient in-state stover 
to support small bolt-on facilities at existing ethanol plants. In the long-term, dedicated energy 
crops may be an alternative cellulosic feedstock for California, but the high value of land and 
the high price of competing California crops are key limitations to near-term adoption. 
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6.3 Economic and Commercialization Overview and Summary  
The sustainability analysis concluded that the primary feedstocks for cellulosic ethanol 
production over the next five years are most likely to be derived from the corn plant – i.e., 
corn stover and corn kernel fiber. An economic analysis was conducted for four alternative 
systems – three of which integrated with existing corn ethanol facilities and one of which 
represented a standalone cellulosic ethanol facility. The three integrated options included a 
low stover bolt-on case, a high stover bolt-on case, and a corn kernel fiber only case. In 
general, the bolt-on cases provided reasonable economics with 2 year to 8-year simple 
payback periods, while the stand-alone facility exceeded a 10-year simple payback. The corn 
kernel only case demonstrated the best economics with a simple payback of less than 2 years. 
As expected, the greater the cellulosic feedstock consumption rate, the greater the sensitivity 
to variable or rising feedstock prices. 

6.3.1 Economics and Commercialization  
The capital cost of bolt-on facilities for cellulosic ethanol production is significantly lower than 
the capital cost of stand-alone facilities. A key consideration for bolt-on facilities is access to 
inexpensive biomass and use of residual solids within co-product specifications. A block flow 
diagram for Edeniq’s process for integrating corn stover conversion to cellulosic ethanol into an 
existing ethanol plant is shown in Figure 20.  

Figure 20: Edeniq’s Bolt-On Process to Integrate Corn Stover Conversion into an 
Ethanol Plant 

 

 Source: Edeniq, Inc. 

Edeniq has a partnership with Pacific Ag to manage the stover collection logistics, including 
sustainable harvesting and baling. The bales are shredded, ground and sieved to remove dirt. 
Recycle water from the ethanol plant is combined with corn stover using Edeniq’s proprietary 
mechanical hydration technologies. The resulting hydrated slurry is further mechanically 
pretreated using the CellunatorTM and a heat- soak, or thermally pretreated to enhance 
enzyme accessibility to the fibers without acid, base, or other harsh chemical additions. The 
pretreated stover is saccharified with a cocktail of enzymes that is optimized for conversion of 
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cellulose to cellulosic glucose. These cellulosic sugars are separated from the residual stover 
solids, which are used to supplement the plant’s co-products and energy conversion utilities. 
The resulting cellulosic sugars and corn starch sugars are fed directly into the fermentation 
vessels where glucose sugars from both stover and corn starch are simultaneously co-
fermented to ethanol. The separation section from the existing ethanol plant is utilized to distill 
all the ethanol and recover all the residual solids for animal feed (i.e., distiller’s grains). 

In the low stover case, the bolt-on facility processes stover that represents about 4 percent of 
the total feedstock dry mass. All of the residual stover solids are mixed with the residual 
distiller’s grains. The limitation on the stover fraction is set to maintain the market-based 
protein concentrations (e.g., 31 percent protein including corn and yeast mass protein). For 
this analysis, zero percent protein content in the stover was assumed.  

In the high stover case, the bolt-on facility processes about 20 percent of the total feedstock 
as stover and the residual solids are split between the distiller’s grains co-product and a boiler 
feed. The soluble components (e.g., xylose and xylan oligomers) pass to the distiller’s grains 
and the insoluble components of the residual stover – primarily lignin – are processed in the 
boiler to displace natural gas fuel.  

As stated above, a key design constraint of a stover bolt-on is that the animal feed co-product 
must remain within specification. This consideration limits the production of cellulosic ethanol 
from corn stover to about one percent to six percent of the total plant’s ethanol capacity. 
Thus, a typical 60 million gallon per year ethanol plant in California could produce 1 million to 
4 million gallon per year of cellulosic ethanol. All configurations are analyzed under a feedstock 
displacement scenario – i.e., assuming constant ethanol production.  

• Baseline Case: A typical California based 60 million gallons per year facility is modeled 
using corn as the feedstock and operating at a baseline performance of 2.7 gallons per 
bushel and assuming co-product distiller’s grains are not dried to minimize carbon 
footprints. Baseline energy consumption was assumed to be 0.56 kWh of electricity and 
0.02 MMBtu of natural gas per gallon of ethanol. Assuming an estimated capital cost of 
$2 per gallon of installed capacity, corn costs of $6 per bushel, ethanol prices of $2.25 
per gallon, distiller’s grains prices equal to corn by mass, electricity costs of $0.10/kWh, 
natural gas costs of $4/MMBtu, and typical labor, maintenance, conventional enzymes, 
water, and other prices, a simple payback of approximately 4 years was estimated for 
this facility.  

• Corn Kernel Fiber Case (Pathway): The first modification to the facility was the 
installation of Edeniq’s technology for converting corn kernel fiber to ethanol (branded 
Pathway), which resulted in an improved yield of 2.82 gallon per bushel and resulted in 
about 4.8 percent less corn consumption compared to the Baseline Case. Edeniq’s 
Pathway corn kernel fiber technology increases the availability of starch and addresses 
a fraction of the corn kernel cellulosic fiber to provide this performance. The capital cost 
of Pathway equipment is about $2 million, and the incremental operating margin for the 
facility is about $1.3 million, which resulted in about a 1.5-year simple payback before 
accounting for federal Renewable Identification Number credits or the California low 
carbon fuel standard.  

• Low Bolt-On Case: In the low stover case, about 3.5 percent of total feedstock by dry 
mass is California corn stover, and the remainder is Midwestern corn. Approximately 50 
dry tons per day of stover is consumed. The facility is modeled to include the additional 
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processing steps that receive and convert corn stover into supplemental cellulosic 
sugars and residual solids. The capital cost of this incremental equipment ranges from 
$5 million to $10 million depending on various assumptions, including the degree to 
which utilities are available at the existing facility. At approximately 70 percent glucan 
conversion, approximately 0.72 million gallons per year of cellulosic ethanol is produced 
and 5.6 percent less corn is consumed. Although 50 percent of the xylan is converted to 
xylose, no ethanol production is assumed, because conventional yeast fermentations 
are used, and these will process glucose only. The incremental operating margin for the 
facility is $3.8 million. Assuming a $10 million capital cost, the simple payback is 
approximately 3 years; or less than 2 years at the lower end of the capital cost range.  

• High Bolt-On Case: In the high stover case, about 16.7 percent of total feedstock by 
dry mass is California corn stover, and the remainder is Midwestern corn grain. 
Approximately 280 dry tons per day of stover is consumed. The facility is modeled to 
include the additional processing steps that receive and convert this stover into 
supplemental cellulosic sugars and residual solids. The capital cost of this incremental 
equipment ranges from $10 million to $20 million depending on various assumptions, 
including the degree to which utilities are available at the existing facility. With the 70 
percent glucan conversion assumption, 3.6 million gallons per year of cellulosic ethanol 
is produced and 9.2 percent less corn is consumed. Since the high stover case yields 
much greater quantities of residual stover mass, the residual fiber’s suspended solids 
mass (primarily lignin in composition) is combusted in a boiler, displacing natural gas 
demand. The residual fiber’s dissolved solids mass (primarily non-fermentable xylose 
from hemicellulose) is added to the distiller’s grains in the post fermentation solubles 
stream. The incremental operating margin for the facility is $4.5 million. Assuming a 
$20 million capital cost, the simple payback is approximately 5 years; or lower at the 
lower end of the capital cost range.  

The range of potential economics was established by sensitizing around key variables. The 
cost of corn stover was varied between $70 to $100 per ton, the cost of corn was varied 
between $5 to $7 per bushel, the bolt-on capital cost was varied between 50 percent to 100 
percent of the target estimate, and finally the value of the regulatory incentives for cellulosic 
ethanol were varied from $0.80 per gallon to $1.50 per gallon. These incentives are intended 
to reflect a combination of federal D-3 Renewable Identification Numbers and California Low 
Carbon Fuel Standards credits. Figure 21 illustrates the impacts of these modified assumptions 
for the Pathway, Low Bolt-On, and High Bolt-On cases. The Pathway case, which for simplicity 
assumed no regulatory incentive values for cellulosic ethanol, only illustrated a change in 
economics when the price of corn was varied. For the two “bolt-on” cases, the first three 
columns in each case (i.e., solid blue, red and green) reflect the increasing cost of stover, 
which increases the payback period for the low bolt-on case from 3 to almost 4 years. More 
dramatically is the impact on the high bolt-on case, which jumps to 14-year payback at a $100 
per ton stover cost.  

If the capital cost is half of the target estimate, these paybacks drops in all three cases by 50 
percent, as shown by the next three shaded columns. The impact of regulatory incentives as 
low as $0.80 per gallon and as high as $1.50 per gallon are shown in the next four columns, 
including both the low and high capital cost assumptions. Finally, the impact of corn prices is 
shown with the last two columns of each case. In these cases, the higher price of corn 
improves the bolt-on economics, as expected.   
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Figure 21: Comparison of Various Economic Assumptions for Bolt-On Facilities 

 

 Source: Edeniq, Inc. 

These results indicate that the bolt-on options can be attractive in the near term with existing 
market prices and limited regional feedstock availability. The low bolt-on case resulted in 
typical paybacks between 2 and 4 years with minimal impact from stover pricing and greater 
impact from the baseline cost of corn and the level of regulatory incentives. The high bolt-on 
case resulted in typical paybacks between 2 and 8 years and was much more sensitive to 
higher stover prices. At a price of $100 per ton, the payback approached 14 years.  

The economics of a stand-alone facility for converting a cellulosic feedstock, such as corn 
stover, energy cane, or switchgrass, to ethanol was also evaluated. The stand-alone facility 
was estimated to have a capital cost of about $170 million, versus $5 to $20 million for the 
bolt-on cases. The estimated payback was approximately 10 years at a stover price of $100 
per ton. The stover price was assumed to be at the high end of the range because of the 
larger collection radius required given the larger plant capacity. Although reduction in the cost 
of cellulosic feedstock in California could improve the economics of a stand-alone facility, this 
would need to be coupled with additional innovations to achieve an attractive payback. 

6.3.2 Economics and Commercialization Conclusions 
The overall conclusion is that a bolt-on plant in which ethanol is produced from corn stover is 
the most attractive option for California given the improved economics relative to stand-alone 
facilities. Higher costs associated with consolidating decentralized, low density feedstock in 
quantities sufficient for a standalone facility appeared to outweigh reduced capital costs 
associated with increasing scale.  

6.3.3 Economics and Commercialization Recommendations  
In the near-term, the development of cellulosic ethanol biorefineries should focus on small-
scale bolt-on strategies that leverage the existing infrastructure of corn ethanol facilities. The 
bolt-on cases took advantage of the negative economic impacts of lost co-product sales with 
the efficiency improvements from enhanced starch and corn kernel fiber advances when 



72 

Pathway was added to the baseline facility. However, there may be trade-offs between carbon 
intensity and commercialization potential when comparing the high stover bolt-on case with 
the low stover bolt-on case. Whereas the high stover input case results in the lowest carbon 
intensity and attractive economics, the low stover bolt-on case has the most attractive 
economics and requires less cellulosic feedstock, which could be attractive in a state like 
California that has limited feedstock availability. Potentially, the lower total capital investment 
reduces the hurdle to market entry and commercialization and establishes an incremental path 
for adopting corn to cellulosic migration technologies. Weighing the costs and benefits of each 
of the bolt-on options suggests that both bolt-on cases can be economic, even if California 
cellulosic feedstock must be supplemented with imported feedstock. 
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CHAPTER 7: 
Data Collection and Analysis 

7.1 Review Operational Data from Biorefinery Operation 
7.1.1 Time Operating (Up and Down Time)  
Plant downtime is summarized in Table 6. Downtime is reported as measurable productivity 
losses as well as actual equipment downtime, the later defined as any time that was lost, 
whether or not it impacted the productivity of the plant. It is reported this way because with 
the extra capacity available in places, temporary loss of equipment rarely led to loss of 
productivity. This is also thought to be a more comprehensive way of presenting the 
inefficiencies. 

The largest impact on the productivity was a contamination event that occurred during Run 
241, where an estimated 28 percent of the product was lost to premature ethanol 
fermentation. This led to a total of 10.2 percent productivity losses. If that run is omitted, the 
downtime over the remaining is only 3.9 percent. The reason for using this adjusted basis is 
that the contamination problem was understood and resolved. 

The total average equipment downtime was 8.5 percent (0.9 percent + 7.6 percent) and was 
greater than the production losses (3.9 percent). As mentioned above, little to none of this 
downtime translated into production losses. In fact, the majority of the production losses was 
due to a single mechanical failure (steam line leak) that led to a loss of a single significant halt 
in production because the failure could not be repaired until the next day. In a full-scale 
production facility, with redundancy and contingency, this event would likely have led to no 
loss in production. Due to the nature of our operation, it was deemed safer to shut the process 
down than operate with the steam leak, which could have been done. 

7.1.2 Efficiency of Conversion Feedstock 
Over the course of this project, the efficiency of enzymatic hydrolysis, after thermal 
pretreatment only, has been increased by at least 25 percent and 20 percent for cellulose and 
seven percent and zero percent for hemicellulose for corn stover and bagasse, respectively. An 
overall hydrolysis conversion (combined, composition weighted C5/C6) of 78 percent was 
achieved as the amount of C5 and C6 monomeric sugars produced (as determined by high 
performance liquid chromatography analysis) to the amount of hemicellulose and cellulose in 
the biomass feed to the hydrolysis reactor. This conversion was achieved using Edeniq’s most 
advanced recycle strategy and an enzyme loading that was 20 percent reduced from the 
typical baseline dosing concentration. 
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Table 6: Downtime and Production Losses 

Category Largest Individual Run Impact / Average 
over the Project 

Production Losses 36% / 10.2% 

Production Losses from Equipment Failure / 
Operability 12.5% / 3.9% 

Equipment Downtime:  

Mechanical / Equipment Failure 2.1% / 0.9% 

Operability Failure 12.5% / 7.6% 

Contamination 28% / 6.4% 

Source: Edeniq, Inc. 

The mechanical failures during these runs comprised of two types of events: (1) vibrating 
screen failure and (2) steam piping leaks. The vibrating screen failure was the result of a poor 
screen configuration that led to the destruction of a fine screen. The fine screen was replaced, 
and an additional coarse screen was installed (the equipment was already setup to accept an 
additional screen) to relieve the physical stress placed on operating the full load of the slurry 
stream with a single fine screen. The screens are also inspected on a regular schedule to 
prevent any additional downtime. The second event, steam leaks, resulted in a short amount 
of downtime during Run 244 and a significant amount of during Run 246 because the leak was 
not repaired until the next day. The run could have continued with the leak, but since we are 
not a production facility, there was absolutely no reason (or level of risk worth taking) to 
continue operations through the night shifts with the possibility that the existing that the 
steam leak could get worse and lead to an injury. 

The operability failures were more common and generally remediated with proficient Operator 
attention to get the system back online and keep production on target by eliminating slack 
elsewhere in the process (as buffer capacity or unused operating capacity). The primary points 
of operability failure were: 

• Wet mill plugging 
• High pressure pump plugging 
• Flash line plugging (primarily a function of the scale) 
• Saccharification auger screen plugging 
• Liquor tank overflow (losses counted as operability downtime) 
• Spillage of product to grade (losses counted as operability downtime) 

Far and away, the biggest problems resulted from plugging events, which is the primary 
operational hurdle with these fibrous lignocellulosic feedstocks. To increase the reliability of 
the equipment feedstock handling, enhanced designs are being implemented to: 

• Redesign the entire mechanical theory around feedstock preprocessing and wet milling  
• Work with pump vendors to modify economic, commercially available designs to reduce 

the dewatering nature of the pumps and operate at higher solids concentrations 
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• Continue to develop the solid and liquid separation design to increase recoveries and 
operability  

7.1.3 Biofuel Production Rate  
Due to resource constraints, the produced sugars were not fermented and distilled. As these 
technologies exist as standard industrial processes and have been demonstrated in the 
previous United States Department of Energy testing at Edeniq, they were omitted from the 
test plan to better focus time and resources on developing continuous and high efficiency 
pretreatment and saccharification processes. The biofuel rates reported used the measured 
sugar productions and applied a 92 percent to 96 percent recovery efficiency of ethanol to 
account for inefficiencies in the fermentation and distillation processes (which coincide with 
the previous United States Department of Energy test performance). 

Using Edeniq’s best recycle strategy, the maximum potential ethanol yield is 65 to 68 gallons 
of ethanol per dry ton of feedstock, based upon corn stover that has been preprocessed to 
remove impurities. Conversions of 80 percent to 82 percent would be required to achieve 70 
gallons of ethanol per ton of dry feedstock. With elevated enzyme dosing (yields are reported 
for a 20 percent reduction in enzyme dosing below the baseline value) or additional recycle 
development or better feedstock (higher in cellulose and hemicellulose), 70 gallons of ethanol 
per ton of dry feedstock is achievable with Edeniq’s process. 

The CEC Demonstration Plant consists of multiple, independently constructed sections: (1) 
mechanical and thermal preprocessing/pretreatment, (2) batch saccharification, (3) continuous 
saccharification, (4) solid and liquid separation. With the mix-match nature of the different 
areas of the plant, there are different demonstrated operations rates, which will be 
independently reported. As stated, fermentation and distillation have not been operated, so all 
values are reported based upon the sugar processing rates, with a 92 percent fermentation 
and distillation cumulative efficiency applied along with a 90 percent plant uptime. 

The front end of the plant, which is responsible for mechanical and thermal pretreatment, has 
been successfully operated at a rate of 5 dry tons per day. This would correspond to an 
ethanol production rate on the order of 115,000 gallons per year. The saccharification system, 
operated with enzyme recycle, can process the equivalent of 100,000 gallons per year but has 
only been operated at the rate of 40,000 gallons per year. The solid and liquid separation 
system with and without tangential flow filtration operations has been demonstrated at an 
equivalent production rate 115,000 gallons per year. 

7.1.4 Quality and Quantity of Fuel Produced  
No ethanol was produced, as explained in Section 7.1.3. The distillation capabilities that 
Edeniq has on hand are rudimentary and perform a simple vacuum distillation, capable of 
achieving 140 proof, with no fusil oil separation.  

7.2 Estimate Gasoline and/or Petroleum-Based Fuel Displaced 
Annually  
Ethanol currently accounts for approximately 10 percent of the United States gasoline supply; 
its primary function is as an octane booster and oxygenate for gasoline. Ethanol is also used 
as a primary source of energy in a growing number of flex fuel (e.g. E85) vehicles. Cellulosic 
ethanol will help meet the requirements of the Renewable Fuel Standard as well as California’s 
Low Carbon Fuel Standard requirements.  
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If an Edeniq stover bolt-on plant was added to each of California’s four corn ethanol plants, 
potentially 14.4 million gallons per year of cellulosic ethanol could be produced for the 
California market. If Edeniq stover bolt-on plants were widely implemented at corn ethanol 
plants throughout the United States, 1 billion gallons per year of cellulosic ethanol could be 
produced. 

Edeniq’s technology is also applicable to the production of other advanced biofuels and 
biochemicals. For example, cellulosic sugars can be converted to renewable diesel, jet fuel, 
lubricants, and chemicals used in the production of rubber, plastics, detergents, and other 
products. Many companies are developing the technology processes necessary for using sugar 
as a feedstock in advanced fuels and chemicals, and these companies could become 
customers for Edeniq’s cellulosic sugars. 

During the Project, the developmental efforts were focused on technology associated with the 
continuous sugars process. The sugars produced were not sold or converted into ethanol and 
therefore, no gasoline was displaced as part of the Project scope.  

7.3 Explain How the Project will Reduce Air Pollutants and Air 
Toxics and Reduce or Avoid Multimedia Environmental Impact 
The continuous sugar process, if integrated as a bolt-on system to existing ethanol facilities or 
if integrated into the feedstock process of a bio-chemical or renewable chemical facility, has 
the potential to reduce criteria air pollutants and air toxics and avoid other environmental 
impacts.  

The conversion of biomass (e.g., corn stover, bagasse, or other agricultural residues) into 
sugars does not generate any of the identified toxic air contaminates listed by the State of 
California (www.arb.ca.gov/toxics/id/taclist.htm). In the High Stover case, the residual lignin 
solids from the process are assumed to be used as a boiler fuel replacement either through 
direct combustion or indirect gasification process. Management of these boiler emissions will 
be required under regulatory limitations. Specifics of these boiler modifications have not been 
defined as part of the Project and would be addressed during the design of specific 
commercial projects. The displacement of gasoline with cellulosic ethanol is projected to have 
a substantial reduction in greenhouse emissions and potential criteria air pollutants associated 
with the refining of gasoline from crude oil. The bolt-on facilities as integrated into a corn 
ethanol plant results in minor freshwater intake under the High Stover case due to the 
increase in water evaporated from the residual solids in the feed to the boiler. No increase or 
change in wastewater is anticipated.  

During the Project, the pilot demonstration facilities were permitted for all air and water 
emissions. The only normal operating emissions were from the natural gas fired boiler used for 
steam generation and were well under the limitations for small scale point sources. All 
wastewater discharges were managed to the tight limits for discharge into the city sewer 
system.  

7.4 Explain how the Project Incorporated and Achieved the 
Sustainability Goals  
Sustainability analysis usually considers whether a system can be supported over time given 
the resources used by that system. Environmental resources, including climate and water, are 
often key concerns given the impact of modern modes of production on these resources and 
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the fact that their costs are often not properly accounted for in the cost of the products and 
services that rely on them.  

Section 3101.5 of Title 20 of the California Code of Regulations discusses the sustainability 
goals of the Alternative and Renewable Fuel and Vehicle Technology Program. The first goal is 
“…the substantial reduction of greenhouse gas emissions associated with California’s 
transportation system…” Sections 6.1 and 7.5 discuss the reduction in greenhouse gas 
emissions that can be achieved by producing ethanol from corn stover using Edeniq’s process. 
Several alternatives to corn stover were considered, but a “substantial reduction” can only be 
achieved through the use of feedstocks that are widely available and economically viable. Corn 
stover also has the advantage of being a crop residue, so does not require the replacement of 
natural ecosystems with additional cropland, in line with the second goal defined under section 
3101.5 of Title 20 and section 44272 (c) (5) of the California Health and Safety Code, which 
discusses the Alternative and Renewable Fuel and Vehicle Technology Program. 

Therefore, Edeniq’s stover bolt-on technology for ethanol plants meets key sustainability goals 
for the State of California. During the Project, the quantity of feedstocks tested was 
substantially smaller in comparison to a commercial facility, so no direct measurements against 
sustainability goals were obtained.  

7.5 Provide a Quantified Estimate of the Project’s Carbon Intensity 
Values for Life-Cycle Scale Greenhouse Gas Emissions 
The Project included a detailed assessment of project carbon intensity (carbon intensity) 
values under alternative commercial implementation of the Project’s technology as discussed 
in great detail in the Task 5.1 Lifecycle GHG Model Development and Analysis Report in 
Appendix I and summarized above in Section 6.1 Life Cycle Analyses Overview and Summary. 
The technical project was conducted as a research, development, and demonstration effort 
that focused on validation of the technology elements required for a commercially project, and 
therefore, due to the sub-scale capacity (~2 tons per day feedstock) and the on/off/non-
continuous developmental operations associated with any RD&D effort specific carbon intensity 
values were not calculated.  

The carbon intensity values for life-cycle scale greenhouse emissions achieved 25 gCO2/MJ for 
stover based ethanol generated by Edeniq’s High Stover bolt-on technology at a 60 million 
gallons per year ethanol plant in California consuming regional corn stover sustainably 
harvested such that only 25 percent of the stover was removed. This value increased to 41 
gCO2/MJ for stover harvest that removed 40 percent of stalks and therefore required 
additional carbon intensity impact for fertilizer additions to maintain land productivity. 
Similarly, Edeniq’s Low Stover bolt-on technology achieved carbon intensity values of 56 
gCO2/MJ and 70 gCO2/MJ, respectively for the 25 percent and 40 percent harvest criteria. The 
High Stover case included 16.7 percent of the dry mass feedstock to the facility being stover, 
while producing 3.6 million gallons per year of cellulosic ethanol and reducing corn kernel 
consumption by 9.2 percent. The lower carbon intensity value was driven by the saving in 
natural gas due to supplementing boiler fuel feed with residual solids from the stover. The Low 
Stover case included 3.5 percent of the dry mass feedstock being stover, while producing 0.7 
million gallons per year of cellulosic ethanol and reducing corn kernel consumption by 5.6 
percent. All of the residual solids from the stover process were used to supplement the animal 
feed co-product, which had decreased carbon intensity impact in the facility in comparison to 
the boiler feed application.  
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During the Project the process operated intermediately for research purposes and did not 
provide a viable platform for direct measurements of life cycle greenhouse gas emissions. 
Future demonstration scale projects integrated into an ethanol facility and operated on a 
continuous basis will provide a framework for direct measurements and comparisons to the UC 
Davis analysis efforts.  

7.6 Quantify Any Water Efficiency and Water Use Reduction 
Measures Used in the Project  
The baseline corn ethanol facility as implemented in California demonstrated excellent water 
recycle and reuse minimizing wastewater discharge. The freshwater feed to the facility 
represents about 17 percent of the maximum process requirements entering the front-end 
slurry and liquefaction steps. Most of the water leaving the facility is entrained in the Modified 
Distiller’s Grains and Solubles that is used as an animal feed co-product. The bolt-on 
configurations defined and analyzed during the project resulted in no increase in the 
wastewater discharge as compared to the baseline corn ethanol plant producing constant 
gallons of ethanol. The freshwater feed to the facility with the Low Stover bolt-on case also 
represented about 17 percent of the maximum process requirement. The Low Stover bolt-on 
configuration indicated a one percent net increase in freshwater requirement, while the High 
Stover bolt-on indicated a 22 percent increase in freshwater requirements and analysis 
indicated that fresh water was also 22 percent of the maximum process requirement. Under 
closer examination the increase in fresh water in the High Stover case resulted from the loss of 
water in the combustion exhaust gas because the residual solids were delivered to the boiler 
at about 50 percent moisture. The moisture content of the Modified Distiller’s Grains and 
Solubles leaving the facility was 61 percent, 63 percent, and 63 percent for the baseline, Low 
Stover and High Stover cases, respectively.  

During the Project only fresh water was used for operations, but under the corn to cellulose 
migration project one of the key accomplishments was the validation that 100 percent of the 
recoverable water downstream of fermentation and distillation was pure enough to be recycled 
on a continuous basis without impact fermentation performance. A major factor in this 
capability was Edeniq’s pretreatment technology, which does not rely on acid, base, or other 
chemicals and the solid liquid separations technologies validated for wastewater cleanup.  

7.7 Describe any Potential Use of Renewable Energy or 
Cogeneration in the Project  
Excluding the renewable energy aspects of the product ethanol, the project did not include 
any renewable energy or cogeneration aspects for the bolt-on cases different than the baseline 
ethanol plant. In the standalone, 100 percent cellulosic feedstock case the residual solids from 
the stover process would ideally be passed to a boiler and the steam output could be used for 
both electricity and heat needs of the facility.  

During the Project, no direct renewable energy or cogeneration facilities were associated with 
the operations of the pilot facility.  

7.8 Describe any Potential Energy Efficiency Measures Used in the 
Project that Would Exceed Title 24 Standards 
None.  
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7.9 Provide Data on Expected Job Creation, Economic 
Development, and Increased State Revenue 
This project has consistently utilized the time and experience of at least 30 individuals for the 
last three years.  

Based on resource requirements for the operation of this project and based on experiences 
with existing ethanol plants in the state, commercialization would most likely add 10-20 
ongoing plant roles for the lifetime of the commercial plants. Design and construction of a 
commercial plant would most likely require the service of between 50 and 100 engineering, 
construction, environmental consultants, and program managers for up to two years for each 
installation. The jobs created by adding cellulosic bolt-on plants would have a significant 
impact on the local economies near the existing ethanol plants if bolt-on processes were 
added. In the longer term, if a stand-alone green field facility were to be built in an optimal 
location relative to feedstock availability, which would most likely will be in a more rural setting 
within the state, this could have a significant economic impact. 

7.10 Project Performance and Expectations  
The majority of the project expectations were met. Edeniq successfully demonstrated a 
continuous cellulosic process with proven operability and acceptable downtime limitations. The 
plant was operated in excess of the 2 dry tons per day of lignocellulosic feedstock throughput 
goal while achieving hydrolysis conversions in excess of the 70 percent goal. The produced 
sugar was not fermented and recovered due to resource requirements, but standard industry 
practice would yield greater than 66 gallons of ethanol per dry ton of feedstock. Data indicate 
that with longer demonstration runs (achieving full steady state), the value could be as high 
71 gallons per dry ton. 

With improvements in the design around mechanical and thermal pretreatment and 
implementations of advanced enzyme recycle and saccharification strategies, coupled with 
efficient back-end separation processes, projected commercial operating costs of less than 
$2.00 per gallon of ethanol could be achieved. Greenhouse gas life-cycle analysis calculations 
show that a reduction in GHGs greater than 60 percent is achievable for the process, relative 
to corn-based ethanol production (based on carbon intensity calculations using the California 
Greenhouse Gases, Regulated Emissions, and Energy in Transportation model). 

Another expectation was to improve the operability, operating expenses (wear, cleaning, etc.), 
and capital expenditures (size, efficiency, etc.) associated with the process. New technology 
was developed in the mechanical pretreatment operations, yielding improvements across the 
board. Additional equipment and process design was implemented in the back-end 
separations, creating of cost-effective and efficient process. 

7.11 Describe How the Project Supports New Technology 
Advancement for Vehicles, Vessels, or Engines 
This project supports an alternative fuel, not technologies of vehicles, vessels or engines. 

7.12 Viable Alternative Fuels Portfolio 
This project supported development of a low-carbon technology for producing cellulosic 
ethanol that can displace a portion of the higher-carbon-intensity corn ethanol that is currently 
blended into the state’s gasoline supply. Therefore, completion of the Project was a key step 
toward providing a measurable transition from the nearly exclusive use of petroleum fuels to a 
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diverse portfolio of viable alternative fuels that meets California’s petroleum reduction and 
alternative fuel use goals. 

Even if increasingly stringent GHG emissions restrictions drive significantly increased 
penetration of advanced vehicles, ethanol blended into gasoline will continue to be a long-term 
component of the fuel supply for hybrid electric vehicles and plug-in hybrid electric vehicles, in 
addition to its current use in conventional vehicles. Also, ethanol could gain market share 
through increased adoption of flex-fuel vehicles. Based on a scenario analysis completed by 
researchers at Sandia National Laboratories, in 2025, it is likely that over 90 percent of 
vehicles will continue to use ethanol as a portion of their overall fuel mix and, even in 2050, it 
is likely that over 50 percent of vehicles will continue to use ethanol as a portion of their 
overall fuel mix (Manley et al., 2013). Therefore, minimizing the carbon intensity of ethanol 
through the increased use of cellulosic ethanol is an important component of a GHG emissions 
reduction strategy. 

7.13 Describe How the Project Demonstrated the Cost-
Effectiveness of the Proposed Technology in Achieving a 
Greenhouse Gas Emissions Reduction  
Gasoline is the dominant transportation fuel in the US, and 10 percent of gasoline is composed 
of ethanol. While advanced vehicle technologies, such as electric vehicles, hold great promise, 
the pace of market penetration has been relatively slow and, in the meantime, GHGs are 
continuing to accumulate in the atmosphere every year. Reducing the carbon intensity of 
ethanol by 74 percent using Edeniq’s technology could reduce the carbon intensity of gasoline 
by about 7 percent - a significant amount. Furthermore, while many advanced vehicle 
technologies involve international value chains, the US is the global leader in ethanol and at 
the forefront of cellulosic ethanol technology development partly as a result of the country’s 
abundant feedstock supply. Nearly every US state, including California, has a source of 
feedstock that can be processed into ethanol, locally. The key gating factor is cost, and this 
project has demonstrated significant technology progress toward a process design with 
significantly lower capital and operating costs, relative to competitors, at commercial scale. 

7.14 Overall Conclusions from Project  
Edeniq has built and operated the core of the cellulosic sugar/ethanol process that both 
demonstrates economically viable performance metrics and is scalable to commercial 
production levels. The groundwork has been laid in establishing baseline operating conditions 
and performance metrics from which to further develop and optimize the performance of 
preprocessing, pretreatment, saccharification, and recovery unit operations with respect to 
yields, operating costs, and capital requirements. Edeniq also believes there to still be low-
hanging fruit to further optimize preprocessing capital and operating expenses, increase 
biomass conversion values, and reduce enzyme usage to more economical levels. 

Some of the remaining risks to implementation of a commercial opportunity include the 
availability and collection of feedstock, the water balance (and possible treating) of a full 
operation, and demonstration of the waste stream utilization (energy generation). Although 
the capital expenditures associated with commercial scale pretreatment and saccharification 
reactors is also a concern, opportunities exist (and are being developed internally) to simplify 
and further optimize their design and operating conditions. 
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GLOSSARY 
BETA GLUCOSIDASE (BG)–Used for the hydrolysis of plant biomass in combination with other 
enzymes, including cellulases and hemicellulases to improve the efficiency of 
the saccharification step.1 

CALIFORNIA ENERGY COMMISSION (CEC)—The state agency established by the Warren-
Alquist State Energy Resources Conservation and Development Act in 1974 (Public Resources 
Code, Sections 25000 et seq.) responsible for energy policy. The CEC's five major areas of 
responsibilities are: 

1. Forecasting future statewide energy needs. 
2. Licensing power plants sufficient to meet those needs. 
3. Promoting energy conservation and efficiency measures. 
4. Developing renewable and alternative energy resources, including providing assistance 

to develop clean transportation fuels. 
5. Planning for and directing state response to energy emergencies. 

Funding for the CEC's activities comes from the Energy Resources Program Account, Federal 
Petroleum Violation Escrow Account, and other sources.  

CARBON 5 AND CARBON 6 (C5/C6)–Used to denote sugars containing five carbon atoms 
(hemicellulose) or six carbon atoms (cellulose). 

CONTINUOUS SUGARS PROCESS (CSP)–Process by which ethanol is derived from a process of 
continuous fermentation. 

CORN TO CELLULOSIC MIGRATION (CCM)–Process by which ethanol is produced from the 
cellulose of the corn rather than the seeds or fruit. 

ENDOGLUCANASE (ENDO)–Often considered to be a cellulase family member, has a higher 
affinity for cellulose and also acts on xylan and mixed glucan.2 

EXOGLUCANASE (EXO)–Important to cellulolytic systems, facilitating the production of mostly 
cellobiose which can readily be converted to glucose by beta glucosidases.3 

GREENHOUSE GAS (GHG)—Any gas that absorbs infrared radiation in the atmosphere. 
Greenhouse gases include water vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide 
(NOx), halogenated fluorocarbons (HCFCs), ozone (O3), perfluorinated carbons (PFCs), and 
hydrofluorocarbons (HFCs). 

TANGENTIAL FLOW FILTRATION (TFF)– is a rapid and efficient method for separation and 
purification of biomolecules. It can be used to fractionate large from small biomolecules, 
harvest cell suspensions, and clarify fermentation broths and cell lysates.4 

 
1 Beta Glucosidase is available at https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/beta-
glucosidase 
2 Endoglucanase is available at https://www.sciencedirect.com/topics/engineering/endoglucanase 
3 Exoglucanase is available at https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-
biology/exoglucanase 
4 Tangential Flow Filtration is available at https://www.pall.com/en/laboratory/tangential-flow-filtration.html 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/beta-glucosidase
https://www.sciencedirect.com/topics/engineering/endoglucanase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/exoglucanase
https://www.pall.com/en/laboratory/tangential-flow-filtration.html
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Appendix A: 
Updated List of Permits 

Figure 22 shows the updated list of permits. 

Figure 22: Updated List of Permits 
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Appendix B: 
Feedstock Specifications Report 

As the initial phase of its California Cellulosic Ethanol Biorefinery Project program, Edeniq 
planned a multi-faceted review of possibilities for feedstock diversity –focused on materials 
readily available in California, commercial sources of feedstocks that represent near-term 
commercial opportunities in California, and potentially economically-viable (and attractive) 
sourcing options for California-based commercial biofuels opportunities. 

A range of feedstock classes was considered, and to varying degrees, analytically and 
experimentally evaluated. Each of these will be discussed relative to the depth of analysis 
applied. 

Feedstocks assessed and discussed in this report include nut crop husks, woody materials, 
grain hulls, corn stover, and energy crop residues. The assessments included economic and 
compositional factors (as screens), followed by selected experimental conversion 
measurements. 

From the combination of these inputs, conclusions are drawn regarding the most attractive 
feedstock project opportunities for California: 

• The most attractive crop category under current conditions in California is corn stover - 
on the basis of economics, composition, and processing potential. 

• Energy crops are clearly also of interest – particularly cane-derived residues. 
• Nut husks were found to be less attractive on the basis of composition. 
• Feedstocks with high-inorganic content, including rice hull and milo, were found to be 

less favorable for long-term operation of Edeniq’s CellunatorTM technology. 
• Pelletization of cellulosic feedstocks offers interesting quality advantages, but these do 

not sufficiently offset the associated increased feedstock costs. 
• Preprocessing expertise is a key competency – hand-in-hand with feedstock source 

development. 
• The spectrum of feedstocks assessed in this study for the California Cellulosic Ethanol 

Biorefinery Project – particularly those attractive for near-term project development in 
California – significantly intersects Edeniq's process capabilities and current commercial 
targets. 

2.1 Feedstock Evaluation 
2.1.1 Feedstock Classifications 
Over the course of the last few years, Edeniq has evaluated several types of biomass for the 
potential conversion to biofuels in California. Edeniq has identified three broad classes of 
biomass feedstocks that are most suitable for its processes: corn kernel fiber, agricultural 
residues, and on-purpose energy crops. 

The focus of Edeniq's considerations on the present project, fully consistent with the 
established Statement of Work, has been on the latter two feedstock classes. (Corn kernel 
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fiber presents a distinct commercial opportunity, as well – for a subset of Edeniq’s technology 
offerings. This will be revisited briefly later in the report.) 

Subdividing the agricultural residues further into categories of potential interest, the feedstock 
evaluation has included the following: 

A. Wood 
B. Nut crops – husks 
C. Grain crop residues – corn stover 
D. Grain crops – other 
E. Energy and related cane crops 

2.1.2 Analytical Characterization 
Each of the candidate feedstocks was characterized in terms of bulk compositional 
lignocellulosic components, to include cellulose (C6 - largely glucan, the predominant glucose 
precursor), hemicellulose (C5 – largely xylan, the predominant xylose precursor), lignin 
(unconverted woody residue), and ash (inert inorganic residues). 

Higher cellulose and hemicellulose fraction values are naturally preferred – as these represent 
higher theoretical potential for conversion to cellulosic sugars, and ultimately to ethanol (or 
other products derivable from sugars). 

Table 7 summarizes the composition determinations by specific feedstock source. 
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Table 7: Feedstock Sources and Compositional Characterization 

Feedstock 
Category 

Feedstock Date 
Received 

Source Location Pre- 
Processing 

Composition 

%Cell %Hemi %Lignin %Ash 

Nut Crops 
– Husks 

Almond 
Shells 

2/15/2013 Mariani 
Nut Co 

Winters Crushed 15.8 18.0 23.1 2.4 

 Peanut 
Shells 

2/15/2013 Local 
Market 

Visalia Crushed 19.9 12.6 30.8 5.6 

 Walnut 
Shells 

2/15/2013 Mariani 
Nut Co 

Winters Crushed 7.4 15.9 27.1 0.9 

Wood Citrus 
Wood 

5/2/2012 Mike 
Pereira 

Tulare 
County 

Ground 31.6 16.6 33.5 9.5 

 Pine 
Chips 

9/4/2013 Private 
Land 

Tulare 
County 

Crushed 27.6 6.2 34.2 1.0 

Corn 
Stover 

CS Pellet 
“A” Bag 

8/22/2012 Mike 
Pereira 

Tulare 
County 

Pellets 19.8 12.0 17.4 33.8 

 CS Pellet 
“C” Bag 

10/12/2012 Mike 
Pereira 

Tulare 
County 

Pellets 23.3 14.1 9.1 22.6 

 CS Pellet 
“G” Bag 

2/25/2013 Pacific 
Ag 

Hermiston, 
OR 

Pellets 30.2 16.4 8-12 
(est.) 

11.5 

 CS Pellet 
“I” Bag 

6/26/2013 Mike 
Pereira 

Tulare 
County 

Pellets 29.0 18.3 11.1 17.0 

Grain 
crops – 
other 

Rice Hull 3/29/2013 Country 
Feed 

California 
Delta 

As 
received 

29.3 12.2 20.3 20.5 

 Milo 2/11/2013 Country 
Feed 

California 
Delta 

As 
received 

13.9 10.1 6.8 0.7 

Energy 
Crop 
Residues 

Cane 
bagasse 

3/15/2013 Usina 
Vale 

Sao Paulo, 
Brazil 

Ground 39.3 22.3 19.7 1.7 

Source: Edeniq, Inc. 

The Tulare County source, Pereira, provided acceptable and consistent feedstocks on the first 
two indices, enabling suitable pelletization. But the feedstock was also typically high in ash 
content. The best shipment from this source overall was the "I" Bag lot, which yielded the 
highest cellulose and hemicellulose fractions and lowest ash content (relative to earlier lots). 
The ash level was still higher than desirable, however, motivating Edeniq to begin assessment 
of the Pacific Ag stover source as well. The Pacific Ag case yielded the highest quality stover 
(“G” Bag), looking at both the convertible composition and ash content, which yielded further 
improvements in the stover pellets and their conversion potential. 
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2.1.3 Processing Characterization 
For a select subset of the feedstocks described and characterized above, Edeniq's integrated 
pretreatment and saccharification process steps were carried out to further assess the 
potential for useful conversion of these feedstocks to sugars, which ultimately reflects the 
quantitative potential for ethanol. Laboratory and pilot-scale screening trial results are 
summarized in Table 8. 

Table 8: Feedstock Conversion Potential Screening 
Feedstock 
Category 

Feedstock %Cell %Hemi Glucose 

(gm/l) 

Xylose 

(gm/l) 

Glucose 

(kg/ton 
feed) 

Xylose 

(kg/ton 
feed) 

Nut Crops – 
Husks 

Almond 
Shells 

15.8 18.0 25.1% 47.4% 43.9 94.7 

 Peanut Shells 19.9 12.6 note 1    

 Walnut Shells 7.4 15.9 note 1    

Wood Citrus Wood 31.6 16.6 55.5% 42.0% 194.9 77.5 

 Pine Chips 27.6 6.2 23.4% 90.0% 71.6 61.5 

Corn Stover CS Pellet “A” 
Bag 

19.8 12.0 86.0% 92.0% 188.7 122.2 

 CS Pellet “C” 
Bag 

23.3 14.1 66.0% 71.0% 170.5 110.8 

 CS Pellet “G” 
Bag 

30.2 16.4 53.6% 67.5% 179.5 122.5 

 CS Pellet “I” 
Bag 

29.0 18.3 47.0% 42.0% 151.5 85.2 

Grain crops – 
other 

Rice Hull 29.3 12.2 note 2    

 Milo 13.9 10.1 note 2    

Energy Crop 
Residues 

Cane bagasse 39.3 22.3 70.0% 86.0% 305.4 212.9 

Note 1: Additional nut husks not tested due to low compositional content and initial trials on almond shells. Note 
2: Separate tests indicated that these high-inorganic (especially Si) feedstocks are not favorable for long-term 
CellunatorTM operations (erosive wear). Source: Edeniq, Inc. 

 
Based on Table 7 and Table 8, corn stover and energy crop residue applications were 
found to offer the highest opportunity, in terms of potential product yield and applicability to 
Edeniq’s process. Nut husks were found to have relatively low compositional content. 
Feedstocks with high-inorganic content, including rice hull and milo, are not favorable for long-
term operation of Edeniq’s CellunatorTM technology. 
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2.1.4 Economic Evaluation 
2.1.4.1 Agricultural Residues 

Edeniq is targeting for a delivered biomass cost of $75/ton, which translates into about $1.00 
per gallon ethanol based on typical compositions and conversions. Edeniq has partnered with 
Pacific Ag, one of the leading companies in aggregation of agricultural residues. The costs for 
agricultural wastes are dependent on the cost to collect and transport the biomass and the 
cost that must be paid to the farmer based on his alternative use of the biomass. According to 
Pacific Ag, in the Midwest, corn stover can be delivered for a total cost about $75/ton. In 
California, wheat straw is one of the most plentiful agricultural residues and according to 
Pacific Ag, the total delivered costs in California are closer to $120/ton due to higher labor 
costs, transportation costs, and alternative values to the farmer. Edeniq had operated a green 
waste recycling business for several years. While orchard prunings can be collected at a lower 
cost, this material requires higher capital and energy costs to grind and inevitably accumulates 
a significant amount of foreign debris that must be separated out. 

2.1.4.2 Energy Crops: Switchgrass 

Edeniq has had experience with growing on-purpose energy crops in California. The Company 
has conducted agronomy trials in cooperation with Ceres for growing switchgrass and with 
Cleantech for growing energy cane. The challenge with switchgrass is that it takes three years 
to get established and must be replanted every seven years. It also requires significant weed 
control. Yields as high as 10 tons per acre (annual) are possible on good soil. In California, 
good soil acreage can rent for over $1000 per acre, resulting in average life cycle production 
costs as high as $200/ton. More marginal land can be rented for significantly less per acre, but 
expected yields drop. Edeniq’s models indicate a delivered, baled price of switchgrass from 
marginal land of $120/ton in California. Consequently, Edeniq has concluded that switchgrass 
for this purpose cannot be grown economically in California. 

2.1.4.3 Energy Crops: Cane and Sorghum 

Energy cane and high biomass sorghum may have economic potential in the Imperial Valley. 
There is water for irrigation available but much of the soil is salty. Canergy has announced a 
project in the Imperial Valley to grow biomass and convert it to ethanol. This is the first major 
cellulosic biofuel project in California and confirms that energy cane is a leading feedstock for 
biofuels in California. Edeniq estimates a cost of less than $50/ton based on Canergy’s claim to 
be able to produce 2000 gallons of ethanol per acre from energy cane. Edeniq also has 
conducted agronomy trials with energy cane in the Imperial Valley, confirming the viability of 
this feedstock for California. 

In Canergy’s process, free sugar is first extracted in the plant followed by an enzymatic 
hydrolysis of the remaining cellulosic biomass (bagasse). Canergy has announced a 
collaboration with Beta Renewables, which has a similar technology to Edeniq. Although Beta 
Renewables’ technology may be further along commercially, Edeniq’s process is inherently 
much less capital intensive and more economic. Edeniq has had discussions with Canergy, 
which is very interested in Edeniq’s technology for converting bagasse to ethanol and is eager 
to see our process demonstrated on cane bagasse. Since Canergy does not yet have large 
quantities of energy cane bagasse, the best surrogate is sugar cane bagasse. The only 
difference compositionally between “sugar cane” and “energy cane” is that sugar cane has a 
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higher concentration of free sugar per ton of biomass. After the sugar is extracted, leaving the 
“bagasse,” the composition is nearly identical. 

Cane bagasse is likely to be of significant commercial importance to California for two reasons. 
First, cane bagasse is emerging as the biomass of choice for producing biofuels in the Imperial 
Valley. Of the 450,000 acres in the Imperial Valley, Canergy estimates that half would be 
suitable for biofuel production, which could yield 450 million gallons of cellulosic ethanol. 

Second, Edeniq projects that cane bagasse can be obtained even more plentifully and at a 
lower cost of about $20/ton from Brazil. According to Edeniq’s evaluations, it will likely be less 
expensive to produce cellulosic ethanol in Brazil from cane bagasse and export the ethanol to 
California than producing in the Imperial Valley. Edeniq is pursuing both possibilities for 
commercial supply of cellulosic ethanol to California to help meet the LCFS. 

Edeniq has also initiated discussions with NexSteppe, a company specializing in high biomass 
sorghum. NexSteppe thinks it may be able to harvest two crops per year in the Imperial Valley 
and achieve 30 ton per acre yields, thereby reducing biomass costs to below $50/ton. Edeniq 
plans to monitor NexSteppe’s progress. 

2.1.5 Pre-Processing Development 
Improvement of preprocessing unit operations was focused on two categories of greatest 
interest in the feedstock agricultural residues class: corn stover and cane-derived bagasse. 

Important components of preprocessing technologies generically include size optimization, 
moisture level control, and elimination of bulk contaminants (equivalently: precluding 
introduction of contaminants). 

Over the last year, Edeniq also continued to evaluate the feasibility of pelletization of biomass 
feedstocks as a specific biomass preprocessing option in cooperation with leading palletization 
technology companies including Pellet Technologies and Western Milling. In addition, Edeniq 
commissioned pilot-scale pelletizers to further obtain information. 

Overall, Edeniq’s analysis of cost and benefits of pelletization showed that the advantages do 
not outweigh the additional costs given the potential for large yield losses during pelletization. 
Feedstock cost ranges from $15 to $30 per ton delivered depending on the material and the 
scale. The capital expenditure for a 200,000 ton per year pelletization facility, enough capacity 
for 14 MGPY cellulosic ethanol production, is estimated to be about $10 million, with cash 
operating costs of about $25 per ton. With a 20% return on investment, the total cost of 
pelletization would be about $35 per ton. Thus material, transportation, and palletization 
together are estimated to be a reasonable $65 per ton. 

The advantages of pelletization are greater stability, reduced fire hazard, and higher density 
for storage. Based on conversations with companies in the Midwest that have several years of 
experience with storage of bales, Edeniq’s expectation was that the 20 to 40% higher cost for 
pelletization over baling would be more than offset by improved stability – i.e. by a significant 
reduction in losses related to fire and/or decomposition to only a few percent per year. 
However, pelletization typically also exposes the biomass to elevated temperatures and 
pressures which Edeniq has found can damage glucan and xylan and lower yields of sugars 
during enzymatic saccharification, ultimately resulting in larger losses than environmentally 
related losses such as fire and decomposition. 
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2.1.6 Sourcing Partnerships 
Edeniq has been actively and aggressively pursuing sourcing partnerships that combine the 
advantages of superior delivered feedstock economics and compositional quality and 
consistency. 

Pacific Ag represents a potentially very valuable partner for Edeniq, as well as more broadly for 
California – in that they have demonstrated capabilities in both identifying potentially fruitful 
harvests (primarily in corn stover opportunities), and in applying superior harvesting 
techniques to maximize the convertible cellulosic component. Edeniq plans to pursue additional 
assessments with Pacific Ag, specifically illuminating the possibilities for commercial cellulosic 
projects with one or more of Edeniq's operating partners in California. 

2.1.7 Pilot Trials 
Both continuing with the ethanol distilling equipment capabilities established previously under 
US DOE support and incorporating front-end improvements enabled by the current CEC 
support, Edeniq’s pilot trials are focusing on the processing of corn stover and energy cane 
residues. As indicated above, the latter will be represented by pre-processed sugarcane 
materials (i.e., bagasse) that are currently readily available. Edeniq will continue to be in 
contact with Canergy as their Imperial Valley project unfolds, which will hopefully yield 
appropriate quantities and qualities of analogously preprocessed energy cane bagasse – and 
ultimately at the attractive economics projected by Canergy. 

2.1.8 Other Commercial Opportunities 
Corn kernel fiber is an attractive, cellulosic (non-food) feedstock that is already available at 
corn ethanol plants in California. The opportunity to convert corn kernel fiber to cellulosic 
ethanol can extend current commercial ethanol production at existing plants, helping them to 
migrate toward non-food-based sources of feedstock. Although this process application 
represents a smaller subset of the unit operations developed by Edeniq, the advantages of this 
near-term opportunity are apparent to both Edeniq and the marketplace - and worthy of a 
brief description. 

California currently has three operating ethanol plants using predominantly corn feedstock 
with a total capacity of about 180 million gallons per year. Edeniq has developed a capital-light 
platform from a subset of its full cellulosic ethanol process. The platform – branded as 
PathwayTM – integrates the application of cellulosic enzymes with the Cellunator™ 
pretreatment technology. This configuration enables conversion of the cellulosic fiber that 
comprises about 6–10 percent of the corn kernel to sugar that is converted to cellulosic 
ethanol during fermentation. Edeniq anticipates that it can achieve an additional 1.5 to 3 
percent yield at existing ethanol plants, or 2.7 to 5.4 million gallons per year at California’s 
three plants. Since the cellulosic fiber is already part of the starch-rich feedstock, there are no 
additional costs for feedstock aggregation. Since the cellulosic fiber currently ends up in the 
distiller’s grain byproduct sold as animal feed, one might assign it an opportunity cost of $200 
per ton. Nonetheless, Edeniq has evaluated the economics for converting cellulosic corn fiber 
to ethanol and the cash cost of production is in the range of $1.50–1.80/gallon. Therefore, this 
is a very attractive opportunity in California, although limited in the amount of cellulosic 
ethanol that can be produced. 
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2.1.9 Conclusions 
• There is clearly a wide range of potential cellulosic biofuels feedstocks available in 

California. Categories of these materials that have been assessed in this study include 
nut crop residues, woody biomass, corn stover, other grain residues, and energy crops. 

• The most attractive crop category under current conditions in California is corn stover -
on the basis of economics, composition, and processing potential; multiple sources of 
this material are available in California. 

• Energy crops are clearly also of interest – particularly cane-derived residues. The 
Canergy process projects very promising economics, but this is a few years out. In the 
interim, this opportunity can be adequately represented by the substitution of 
sugarcane bagasse. 

• Nut husks were found to be less attractive on the basis of composition. 
• Feedstocks with high-inorganic content, including rice hull and milo, were found to be 

less favorable for long-term operation of Edeniq’s CellunatorTM technology. 
• Pelletization of cellulosic feedstocks offers interesting quality advantages, but these do 

not sufficiently offset the associated increased feedstock costs. 
• Preprocessing expertise is a key competency – hand-in-hand with feedstock source 

development. Edeniq is actively developing both this competency and strategic 
relationships to bolster its integrated preprocessing and feedstock capabilities (e.g., 
Pacific Ag). 

• The spectrum of feedstocks assessed in this study for the California Cellulosic Ethanol 
Biorefinery Project – particularly those attractive for near-term project development in 
California – significantly intersects Edeniq's process capabilities and current commercial 
targets
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Appendix C: 
Pretreatment and Enzyme Tests 

2.2 Pretreatment and Enzyme Tests 
2.2.0 Introduction 
The Task 2.2 of the California Cellulosic Ethanol Biorefinery Project, grant ARV-11-018 funded 
by the California Energy Commission, is to evaluate variety of pre-treatment methods and 
conditions including the mechanical high shear Cellunator™ technology and equipment and to 
evaluate commercial and proprietary enzyme formulations for saccharification to identify the 
best enzyme combination for saccharification. 

As indicated in previous progress reports, low-density, fibrous cellulosic feedstocks have 
presented process challenges – particularly around biomass mechanical and thermal pre- 
treatment. In these areas, the residuals (i.e., bagasse) from cane crops (e.g., energy cane, 
sugar cane) are particularly challenging, and have thus been the focus of our development 
efforts. In addition, the optimization for conversion efficiency and operational costs are critical 
challenges – particularly around the definition of viable cellulase enzyme cocktails and strategy 
for dosing the enzymes and additives which extend enzyme effective life and activity. 

The report shall give updates on developments for the following steps in the slurry 
pretreatment process for these low-density, fibrous materials – with bagasse chosen as the 
feedstock for developmental focus and validation of various enzyme suppliers and cocktails: 

• Mechanical and Thermal Pretreatment 
• Saccharification Enzyme Cocktails 

The overall approach for Pretreatment is to: 

1. Receive pressurized biomass slurry of solids composition between 5 to 30 percent total 
solids 

2. Enhance hydration, particle size distribution, and homogeneity of the slurry through 
Cellunation by adjusting the degree of mechanical shear (e.g. gap settings, flow rates, 
solids loading, etc.) 

3. Pressurize and convey the slurry to continuous pretreatment auger unit operation 
4. Raise temperature and process slurry at temperature for controllable residence time 
5. Depressurize the slurry through a flash element and manage the exhaust vapor 
6. Reduce the temperature and condition the slurry for downstream unit operations 
7. Optimize pretreatment conditions (e.g., degree of mechanical shear, temperature and 

residence times) of Pretreatment to enhance saccharifiability of the pretreated biomass. 
The overall approach for Enzyme Cocktail is to: 

1. Identify alternative commercial and commercial/proprietary enzyme cocktails that 
improve saccharification sugar yields 
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2.2.1 Objectives 
• Identify optimum process conditions for the pretreatment methods with the use of 

Recipient’s Cellunator™ technology. 
• Identify the optimal particle size and solids loading for optimal saccharification. 
• Perform saccharifications of pretreated Project Feedstocks (e.g. bagasse, stover, etc.) 

using commercially available enzymes and/or proprietary enzymes cocktails, optimizing 
enzyme mixture to achieve maximal sugar release for fermentation potential as 
measured by high performance liquid chromatography. 

• Obtain quantities of enzyme cocktail sufficient for operating the Biorefinery using 
Project Feedstocks and prepare and submit written notification that sufficient enzymes 
to operate the Biorefinery have been delivered. 

2.2.2 Development Areas 
2.2.2.1 Mechanical Pretreatment 

Biomass slurry is conveyed to the Cellunator™ (e.g. high shear wet milling equipment) at feed 
pressure sufficient to meet the requirements of the pressure drop through the high shear zone 
and deliver the milled material to downstream operations. The milling process can be once 
through or include recycle loops. The physical gap between the Cellunator’s rotor and stator 
can be adjusted to modify the residence time, shear forces, and degree of particle size 
reduction that occurs. Flow rate through the mill and amount of recycling can be adjusted to 
manage the residence time and exposure of the biomass to the shearing forces. The post 
milled material is physically more homogeneous as a direct result of passage through the high 
shear zone. 

2.2.2.2 Thermal Pretreatment 

The post milled biomass slurry is pressurized with a mechanical pump for convey to the 
thermal pretreatment auger at which point steam is injected to raise the temperature of the 
slurry to 160 to 220˚C (320 to 430˚F). The pressure achieved must be in equilibrium or 
greater than the target temperature (i.e. 6 to 23 Atm or 90 to 335 psia). The design targets 
are below 200˚C and 15Atm or 215 psia. Figures 23 and 24 indicate a range of target thermal 
pretreatment conditions, illustrating the baseline values used by Edeniq in the Corn to 
Cellulosic Migration (CCM) batch reactor and lab reactors. Literatures references5 for thermal 
pretreatment conditions for stover, poplar wood, and bagasse are also shown. Severity of the 
thermal pretreatment is defined as the combination of time-temperature characteristics, for 
example one relationship is defined as log(CS) = log [ t exp((T-100)/14.75)] – pH + ref pH. 
  

 
5 Aqueous Pretreatment of Plant Biomass for Biological and Chemical Conversion to Fuels and Chemicals – 
Charles E. Wyman, Editor 
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Figure 23: Equation Results for Temperature and Time Mapping of Severity 

 

Source: Edeniq, Inc. 

Figure 24: Temperature and Time Mapping of Constant Severity Lines 

 

Source: Edeniq, Inc. 
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The heated biomass slurry is passed into the pretreatment auger and convened forward at 
rate sufficient to manage the overall residence time at the desired temperature and pressure. 
The pressure of the biomass slurry is then released through a flash orifice and rapid 
depressurization condition to allow water contained within the fine pore structures of the 
biomass to evaporate and expand further disrupting the physical structure of the 
microstructures within the fibers. During the flash unit operation, the biomass is also cooled 
due to the evaporation of the liquid water and by either or both direct water injection or 
indirect heat exchange. The vapor from the flash is transferred to a condenser where the 
water vapor and volatile organic compounds are extracted in the liquid condensate. Any trace 
volatile organic compounds would be further processed and destroyed downstream. This flash 
unit operation is not used in the laboratory thermal pretreatment testing (i.e. without flash). 
The biomass can also be partially adjusted for pH by the addition of buffer materials at this 
stage. In addition, and if appropriate, the solids level of the continuous process can be 
increased prior to a unit operation by dewatering equipment or decreased by adding recycled 
water from upstream or downstream processes. 
The goal of mechanical and thermal pretreatment is to expose the fiber to sufficient severity 
of conditions to soften the lignin structures, partially hydrolyze the hemicellulose and disrupt 
the microstructures throughout the biomass enhancing the accessibility of the cellulose and 
hemicellulose to the enzymatic activity of the cellulase cocktail. Several different thermal 
pretreatment configurations are used to assess material at different conditions and scales 
(i.e., mass of feedstock being processed). A comparison is provided at the end of this section 
2.2.6. 
2.2.2.3 Saccharification Enzyme Cocktails 

The saccharification enzyme cocktails consist of a combination of commercially available 
cellulase and or a combination of these cellulases with proprietary enzyme designed to 
enhance the hydrolysis of the biomass. Cost optimization and recyclability of the enzyme 
cocktails and mixtures is discussed in the Saccharification unit operations report. The 
functionality of the cellulase and hemicellulase enzymes can be segmented into four categories 
– endo- glucanase(s), exo-glucanase(s), and β-glucosidase (BG). The endoglucanase 
demonstrated activities toward hydrolyzing the polymer structures in the middle of a cellulose 
and hemicellulose oligomer chains. The exoglucanases or cellobiohydrolase demonstrate 
activity on the ends of the chains, with the cellobiohydrolase I hydrolyzing from the reducing 
end and the cellobiohydrolase II acting on the non- reducing end. The cellobiohydrolase I and 
cellobiohydrolase II will release cellobiose or sugar oligomers with two sugar units. The BG 
demonstrates activity for hydrolyzing the beta bond to produce two monomeric sugars. 

Commercially available cellulase cocktails have a mixture of these enzymatic activities for both 
hemicellulose and cellulose. The initial activity of different cocktails may be greater for one 
activity versus another activity and the half-life of each activity may be different from different 
suppliers. 

The goal of this activity is to optimize the composition of the cocktail and the pretreatment 
conditions to maximize the sugar yield for various feedstocks. Each feedstock may require a 
different combination of pretreatment conditions and enzyme cocktails. The ultimate optimized 
combination will also be impacted by availability and pricing of the cocktails. Figure 25 shows 
the Enzymatic Process Sequence.  
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Figure 25: Overall Cellulase Enzyme Activity 

 

Source: Edeniq, Inc. 

2.2.3 Background 
2.2.3.1 Mechanical and Thermal Pretreatment 

The main goal around the development of these processes and equipment is to develop 
pretreatment capabilities for a continuous process. Previous work conducted before and as 
part of the Corn to Cellulose Migration project mixed the biomass solids directly with water in a 
batch vessel. The mechanical preprocessing was designed functionally only for particle size 
reduction using a hammer mill on the as received biomass. No high shear wet milling 
operations were conducted prior to batch thermal pretreatment. The vessel was closed, and 
water/steam was added to achieve a designed solids level and pretreatment temperature. 
After a given residence time the vessel was opened, and the material flashed as a batch into a 
receiving vessel. Additional cooling was provided both indirectly and with water spray and the 
biomass was transferred into batch saccharification vessels. 

Edeniq has extensive experience in the utilization of our proprietary Cellunator in both the 
Corn Ethanol industry and work conducted before and as part of the Corn to Cellulose 
Migration project. Edeniq has installed five separate Cellunator systems in corn ethanol plants 
in the Midwest and California. The Cellunators are utilized between the slurry and liquefaction 
steps of the process to release extra starch to increase the overall ethanol production from the 
same amount of corn feedstock. Edeniq has also used the Cellunator in its previous corn 
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stover research by utilizing after the pretreatment process to size and homogenize to create 
more accessible cellulose for enzyme reaction in the saccharification step. This equipment has 
been operated and tested since 2009. In corn plants the Cellunator can operate at solids levels 
up to 35 percent. A corn stover solids level of 23 percent has successfully been moved through 
the Cellunator after pretreatment. 

2.2.3.3 Saccharification Enzyme Cocktails 

The main goal around the development of saccharification enzymes is to assess the viability of 
various commercially available cellulase cocktails and various supplier pricing and logistic 
capabilities as well as determine the benefits and cost associated with adding proprietary 
enzymes. Previous work conducted before and as part of the Corn to Cellulose Migration 
project utilized commercial cellulase from (e.g. Novozymes and DuPont, formerly Genencor) 
and enzymes expressed from Edeniq’s proprietary yeasts during simultaneous saccharification 
and fermentation process designed to convert biomass into ethanol. The continuous sugars 
process (CSP) that is the focus of this effort excludes the fermentation step and focuses on the 
high sugars product stream as the primary product. This sugars stream can be delivered to a 
third-party process for conversion into high value biochemical and biofuels or can be passed 
directly into a fermentation process such as the ones used in the Corn to Cellulose Migration 
project. 

2.2.4 Safety Measures 
Special precautions in this work has included, and will continue to include the following: 

• Standard Personal Protective Equipment and safe operating procedures must be 
followed throughout these trials. 

• A safety review and walkthrough of the integrated system was completed, and the 
suggested changes were implemented. 

• Going forward, additional safety reviews will be done as necessitated by any proposed 
changes that are significant to either operation or construction and should be 
completed before any such changes are implemented. These safety reviews should be 
called out in the individual run plans as necessary (or not necessary if there are no 
significant changes) and the results of the safety review should be documented as part 
of the run plan. 

• A full HAZOP review is performed before integrating new equipment for research or 
inclusion into the modified bio refinery system. 

2.2.5 System Monitoring 
The preliminary run outline, along with key control and measured parameters is included 
below. 

1. Determine optimal conditions for mechanical pretreatment the goal in this section is to 
find specific conditions suitable for each feedstock, and any associated feedstock-
specific limitations. 
Specific independent parameters of interest include: 

a. Feed Flow Rate 
b. Biomass Moisture Levels 
c. Equipment Gap Setting 



C-7 

d. Process Integration Location 
e. Temperature 
Specific dependent parameters of interest include: 

a. Saccharification efficiencies and Sugar Yields 
b. Specific particle size ranges 
c. Inhibitor Concentration 

2. Determine optimal conditions for thermal pretreatment 
The goal in these sections is to find specific conditions suitable for each feedstock, and any 
associated feedstock-specific limitations. Specific independent parameters of interest 
include: 

a. Batch versus Continuous Process 
b. Flow Rate in Continuous Processes 
c. Solids Level 
d. Temperature and Pressure of Feed 
e. Heat Up Rate and Technique (e.g., contact heating and direct steam injection) 
f. Residence time at Temperature 
g. Cool Down Rate and Technique (e.g., evaporative, indirect, direct water contact) 

Specific dependent parameters of interest include: 

a. Saccharification efficiencies and Sugar Yields 
b. Specific particle size distribution 
c. Inhibitor concentration 

3. Determine optimal conditions for enzyme cocktail 
The goal in these sections is to find specific enzyme suppliers, commercially available 
cocktails, and proprietary cocktails suitable for selected feedstock, and any associated 
limitations. 
Specific independent parameters of interest include: 

a. Commercial cellulase cocktails 
b. Proprietary helper enzymes 
c. Dosing rate (e.g., mass solution per mass glucan in feedstock) 
d. Dosing strategy and location 
e. Saccharification temperature 
f. Saccharification slurry pH level 
g. Saccharification residence time 
h. Additives quantity and strategy 

Specific dependent parameters of interest include: 
a. Saccharification efficiencies and Sugar Yields 
b. Enzyme activities and half life 
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2.2.6 Procedure 
1. Testing procedure for Mechanical Pretreatment 

a. The Cellunator is a mechanical rotor/stator device or colloidal mill used in wet milling 
slurry streams. The manufacturer of the equipment is IKA Works, Inc. located in 
Wilmington, NC. IKA produces several sizes from the MK-4/5, MK-10, MK-20, and 
MK-50. The MK defines the type of colloid mill head configuration. The MK-10 and 
MK-20 are primarily used for pilot scale testing with flow ranges from 5 to 20gpm 
and the MK-50 is used in commercial facilities with flows of 200 to 300gpm. The 
Cellunator is being tested as a stand-alone system for doing single and multi-pass 
evaluations of the wet milling performance with various feedstocks (e.g. stover, 
bagasse, etc.). Most recently these tests have all been conducted with a bagasse 
feedstock with a range of size from 250 microns to 3.3 millimeters. 

b. Biomass was fed into the hydration unit operations in which hot water 
(approximately 50˚C) was mixed with biomass under a high shear zone to produce a 
target solids mixture. 

c. This material was passed to a positive displacement pump and passed to the 
Cellunator (i.e. IKA-20) for mechanical pretreatment. 

d. Before operation the physical gap (i.e. the space between the rotating surfaces of 
the rotor and stator) of the unit is adjusted (e.g. 0.50 mm, 1.0 mm, 1.5 mm) to 
provide mechanically pretreated material for laboratory batch thermal pretreatment 
and shaker flash saccharification. 

e. The gap (i.e., the physical spacing between the rotor and the stator) was 
adjustments included relative gaps of 1, 2, and 3, which represents approximately a 
physical gap of 0.5, 1.0, and 1.5 mm. 

f. Operation of this was sporadic but sufficient to generate sufficient material for 
laboratory thermal pretreatment runs. 

g. The thermal pretreatment was conducted in the 1-liter bomb reactor at 175Cand 
210C hold temperatures. 

h. Saccharification testing was conducted with baseline enzyme cocktail at the baseline 
loading (total enzyme solution relative to glucan content). C6 and C5 conversion 
efficiencies were measured using high performance liquid chromatography sugars 
analysis at various time, and 24hr data was used for comparison. 

2. Testing procedure for Thermal Pretreatment Laboratory Batch 
a. Analysis 

i. Do compositional analysis of incoming feedstock to determine 
1. Glucan, xylan, and other sugar precursors 
2. Moisture 
3. Ash Level (minerals and sand) 
4. Total carbohydrates 
5. Extractives (organics) 
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b. Dry feedstock is suspended in warm water at the desired solids level. The 
suspended solids are mixed to wet the biomass; then the batch is loaded into the 
internal chamber in the 1L pressure vessel. 

c. The reactor body is on a hinge that enables it to swing away from the headplate 
(i.e. cover of the manway or entrance to the vessel) and after cleaning the seal, the 
bottom chamber is positioned under the headplate and lifted into place. 

d. The reactor body is secured to the headplate by bolts in the flanges and the vent 
port is closed to completely seal the vessel. 

e. The reactor is equipped with an anchor type impeller, which should be started after 
the drive belt is placed over the agitator shaft. It’s possible at high solids levels and 
biomass loadings that the agitator cannot turn initially; in these situations, agitation 
is started during the heating ramp. 

f. At this point the 1L pressure vessel is heated to the target pretreatment 
temperature by an electric heating element. A timer is started by the operator when 
the temperature reaches the target set point. The heating coil will maintain 
temperature during the hold period. 

g. At the end of the hold time, the heater is turned off and two fans are used to blow 
air over the vessel body. The skin temperature of the vessel exterior is monitored 
during cooling; once the skin temperature drops to 75°C the vent is opened to 
relieve any pressure. 

h. Agitation is shut off and the reactor is taken down in the reverse order of assembly. 
i. The pretreated slurry is harvested from the internal chamber using a scoop after the 

reactor body is separated from the headplate. The material is buffer to achieve 
target pH levels for saccharification. Post thermally pretreated material is sampled 
and measured by high performance liquid chromatography sugars and solids. 

j. Measured mass of the biomass is placed into shaker flasks and treated with baseline 
enzymes at the baseline loading. The flasks are placed in the thermally controlled 
shaker tables and saccharified. 

k. Samples are removed periodically, and the glucose and xylose concentrations are 
measured by high performance liquid chromatography to assess sugar conversion 
efficiency. 

3. Testing procedure for Thermal Pretreatment Commercial Batch 
a. Process Unit Operations 

i. In order to better understand and evaluate laboratory thermal pretreatment 
reactions we had the opportunity to evaluate a commercial scale batch reactor 
with the capacity of 360kg per batch. The testing was conducted under a parallel 
project but provides an important comparison to data developed under this 
project. The commercial batch hydrolyzing reactors were located at Usina Vale, 
Edeniq’s Brazilian demonstration partner, with two pressure vessel reactors made 
of carbon steel. 

ii. The bagasse is loaded through a manually locking manway (i.e. opening in the 
vessel) with a hydraulic system that is used to lift the door. 

iii. The reactors do not have agitators. 
iv. Steam is introduced via sparge nozzles located near the top of the vessels. 
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v. The vessels have a cone bottom with a hydraulic ram valve. The bagasse is 
transferred out of the vessels by opening the ram valve under pressure and 
allowing rapid depressurization. 

vi. The reactors blow or flash the cooked bagasse to single cyclone located roughly 
100m away. The cyclone vents flash steam to the atmosphere. The blow takes 
roughly 10 seconds. The disengaged cooked bagasse falls to cement lined pit by 
gravity. 

vii. The reactor size is 3 m3 with an estimate bagasse load per batch of 720 kg at 50 
percent moisture (360 kg dry). 

viii. The normal operating pressure is up to 18 Barg (210°C steam saturation 
temperature). 

ix. The loading takes 15 to 20 minutes via chute that is fed via the boiler feed 
conveyor and represents fresh bagasse from the crusher/washing unit 
operations. 

x. The normal cook time is 3 to 6 minutes to achieve target temperature. 
xi. Mill personnel indicated the general steam consumption to be 1500 to 2000 kg / 

hr. This is likely on 2 to 3 batches per hour. No flow meter was installed. 
xii. Pressure control was by steam piloted pressure reducing valve with adjustable 

spring. This did not allow for dialing in a specific set pressure, so target 
pressures were only achieved by repeated trial and adjustment of the reducing 
valve. 

b. Campaign Test Plan 
i. The proposed design of experiments with the commercial scale batch system 

was to do eight tests with bagasse at the moisture “as received” condition. For 
the experiment, the pressure was varied from 10, 14, and 18 Barg and hold 
times of 5, 15, and 20 minutes were laid out. 

ii. The second portion of the proposed plan was to add 200 L of water with the 
bagasse to assess incrementally lower solids (40 percent vs 50 percent solids as 
received) and repeat selected combination of four of the as received bagasse 
only tests. 

iii. As test progressed the engineer(s) was able to improve pressure control through 
manual control of the valve actuating the steam supply on and off until the 
target pressure was achieved. 

iv. The two-water test at the end of the test plan was achieved with 110 L of water 
addition. The limiting factor was time to complete the testing as the water 
loading was slow. 
1. Water was added via hose through the manway opening during and after the 

bagasse was loaded. The water amount was done via measure time of water 
loading after flow rate tests were conducted. 

2. Loading water in this fashion likely did not result in even distribution of the 
water. This need to be considered if additional water is needed. 

v. The size consistency of the bagasse varied significantly depending on whether 
cane straw (tops and leaves) was present. 
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vi. The two most noticeable changes in the cooked bagasse were a darkening of 
color and reduction in particle size. Longer cook time appears to have stronger 
effect on these two factors than higher cook pressure (higher temperature). 

Tests can be repeated with as received and/or other feedstocks. 

4. Testing procedure for Enzyme Cocktails 
a. Obtain sample material. 
b. Obtain and label the required number of flasks. 

i. Use 500 mL Erlenmeyer Flasks for 100 grams biomass loading. 
1. If biomass supply is limited use 50 grams biomass in 250 mL Erlenmeyer 

flasks. 
c. Measure solids of sample material. 

i. Mix biomass well. 
ii. Use microwave moisture analyzer to determine moisture. 
iii. Repeat twice to ensure accurate results. If values are within one percent of each 

other, use the average of replicates as solids percent. If variation is greater than 
one percent repeat measurement. 

d. Determine total amount of biomass needed for experiment. Include extra to allow 
for loss during setup. 
i. For example, a simple 6 flask experiment will require 600 grams of biomass. 

However, at least 700 grams should be prepped to ensure there is enough 
biomass. 

e. Adjust solids as needed. 
i. Using target solids percent and starting solids percent calculate how much 

biomass plus water is needed to make the required amount of material. 
ii. Use the following equation: 

Total amount of materials needed (g) x (Target Solids percent / Starting Solids percent) =  
Amount (G) Of Starting Material Needed  

iii. In a large working container (e.g. 3L or 5L bucket) weigh out the proper amount 
of biomass and water. Mix well. 

f. Add 10 ppm antibiotics per manufacturer’s instructions. Mix well. 
g. Adjust pH. 

i. Use 30 percent NH4OH or 5N H2SO4 
1. Add a small amount at a time, mix well and check pH to prevent overshooting 

the target pH.  
ii. Adjust pH according to experimental design or recommended by enzyme 

supplier. 
h. Load flasks. 

i. Using a funnel add required amount of material to flasks. 
1. Standard biomass loading is 100 grams per flask, with a margin 

of error of +0.3 grams. 
ii. Mix biomass well prior to loading and between each flask. 
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i. Add Enzyme. 
i. Enzymes are added as a 50 percent solution with 20 mM pH 5.0 Sodium Acetate 

buffer. 
ii. Current enzyme loading is based on the β-1,2-glucan content of dry biomass. 

1. Use given glucan content from compositional analysis. 
2. Use the following equation: 

(grams biomass x % Solids x % enzyme loading x % glucan content) / 0.5 = 

mL buffered enzyme solution added to each flask 
iii. Mix equal parts enzyme and 20 mM pH 5.0 Sodium Acetate buffer to 

make 50 percent enzyme solution. 
1. Mix just enough for the current experiment. Make a new 50 percent 

solution from enzyme stock for each set-up. 
iv. Use automatic pipette to add enzyme solution to each flask. Take care to 

add enzyme solution to biomass, avoid getting enzyme on wall of flask. 
v. Mix well using plastic stirring rod. 

1. Same stirrer can be used for each flask in a given set. Use clean 
stirrer between sets. 

vi. The amount of enzyme loading or the enzyme itself may be a variable in 
the experiment, check run plan to be sure correct enzyme and amounts 
are used. 

j. Top each flask with a one-hole rubber stopper with a needle inserted. 
i. #10 stoppers for 500 mL Erlenmeyer flasks. 
ii. #6 or #8 for 250 mL Erlenmeyer flasks. 

k. Place flasks in incubator. 
i. Standard set-points are 50°C, 150 rpm; unless otherwise stated in 

experimental design. 
l. Sampling 

i. Sample flasks at 0, 24, and 48 hours or as required. 
ii. Using a transfer pipette with the tip cut off (to allow for a larger opening 

and easier sampling) take ~3 mL sample into a labeled 15 mL conical 
tube. 
1. For high solids samples a larger sample may be required. It may also be 

necessary to use plastic stirring rods to scoop sample out of flasks. Mix well 
when doing so. 

iii. Centrifuge at 3500 – 4100 rpm for 5 minutes. 
iv. Heat kill to denature enzyme. 

1. Remove samples from centrifuge and transfer the supernatant into labeled 2 
mL microcentrifuge tubes. 

2. Place each microcentrifuge tube in the heatblock, set to 102°C for ~5 
minutes. 

3. Remove each microcentrifuge tube from heatblock and cool. 
a. Spin in tabletop centrifuge for ~3 minutes or cool in ice bath for 5-10 

minutes. 
v. Syringe filter samples into high performance liquid chromatography vials. 
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1. Remove samples from centrifuge (or ice bath) and filter into labeled high 
performance liquid chromatography vials. 

vi. Cap each high-performance liquid chromatography vial and analyze on high 
performance liquid chromatography. 

Table 9 shows the comparisons of different pretreatment techniques. 
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Table 9: Comparison of Thermal Pretreatment Techniques 
Size or Scale 

of Process 
Lab Batch 

(1 to 2 Lit or dry 
100s gm per batch) 

Pilot Scale  
(~30-50 gal or dry 
10s kg per batch) 

CCM Scale Pilot 
(180 gallon or dry 
100s kg per batch) 

Commercial Scale 
Batch 

(3 m3 or 360kg dry 
per batch) 

Continuous Demo 
Scale  

(1-2ton/day up to 
10-20ton/day) 

Primary Feed 
Materials 

All Feedstocks All Feedstocks Corn Stover and 
Bagasse 

Fresh Bagasse  

Feed 
Mechanism 

Slurry at target solids As received solids and 
hot water to target 
solids 

As received solids and 
hot water to target 
solids 

As received solids 

~35 to 50% moisture 

Slurry at target solids 
and pressure 

Feed Material 
Preprocessing 

As received or dry 
hammer milling and 
sieving 

As received or dry 
hammer milling and 
sieving 

As received or dry 
hammer milling and 
sieving 

As received from 
sugar mill crushing 

 

Mechanical 
Pretreatment 

No pretreatment, lab 
Cellunation, or hand 
hydration at various 
temp. 

No pretreatment, pilot 
Cellunation, or in 
process Cellunation 

   

Pressurization Heated closed vessel Steam flush and 
heated closed vessel 

Steam flush and 
heated closed vessel 
and steam injection 

Closed vessel with 
steam injection 

Fluid pump on slurry 

Agitation & 
Mixing 

Horizontal blade & 
ribbon 

Horizontal mixer Internal anchor mixer None Auger mixing 

Heating External electric External steam jacket External steam jacket 
& internal steam 
injection 

Direct steam injection Direct steam injection 
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Table 9: Comparison of Thermal Pretreatment Techniques 
Size or Scale 

of Process 
Lab Batch 

(1 to 2 Lit or dry 
100s gm per batch) 

Pilot Scale  
(~30-50 gal or dry 
10s kg per batch) 

CCM Scale Pilot 
(180 gallon or dry 
100s kg per batch) 

Commercial Scale 
Batch 

(3 m3 or 360kg dry 
per batch) 

Continuous Demo 
Scale  

(1-2ton/day up to 
10-20ton/day) 

Hold 
temperature 

Temp control w/ TC 
feedback 

Based on pressure Temp control w/ TC 
feedback 

Pressure control w/ 
PIT feedback 

Insulated heat loss 
&/or steam injection 

Hold time Batch timing Batch timing Batch timing Batch timing Flow rate and 
residence volumes 

Cooling Internal cooling coil 
for 2 Lit; fan cooling 
for 1 Lit 

External water jacket Flash, jacket Flash & post 
evaporative cooling 

Flash; spray water; 
and indirect cooling 

Solids %wt 5% to 40% range 8 to 16% range 8 to 25% range 50 to 65% range TBD 

Target solids, 

%wt 

8 to 20% 8 to 12% 12% “As received” TBD 

Source: Edeniq, Inc.
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2.2.7 Results and Conclusions: 
2.2.7.1 Feedstock Variations 

One of the observed issues with evaluating Pretreatment techniques is to characterize the 
impact of the various feedstock materials being processed. Edeniq has identified that along 
with preprocessing impacts the simple age and method of shipping feedstock to our test site in 
California can have a major impact on conversion efficiency and performance. In Figure 26, 
the relative C6 conversion efficiency of bagasse feedstock of various sources are compared. 
The baseline material which had been shipped to California by boat from our demonstration 
partner’s site in Brazil was defined as the reference performance. Fresh bagasse which has 
been air shipped demonstrated the higher performance ranging from 7 to 16 percent 
increased C6 conversion when processed under constant lab batch thermal pretreatment 
conditions. Similarly, bagasse truck transported to the central valley of California from Mexico 
also demonstrated a 12 percent enhanced performance. In comparison, some older bagasse 
shipped by boat and aged including moisture lost during storage demonstrated a 7 percent 
decrease in C6 performance. The specific characteristics of the bagasse, such as humidity 
level, ageing, degree of compositional degradation, etc. have not been sufficiently identified to 
relate specifics traits to reasons for decreased or increased performance. 

Figure 26: Relative Performances of Various Feedstocks by Ages 

 

Source: Edeniq, Inc. 

As a result of these variation performance comparison of various pretreatment techniques and 
scales are compared on a relative base unless all tests were completed on a constant 
feedstock, at which either absolute conversion or relative conversions may be used in 
discussing the results. 
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2.2.7.2 Results from Mechanical Pretreatment Settings 

The Cellunator™ provides several important contributions to the operations of Edeniq’s 
continuous sugars and ethanol production process from cellulosic biomass. The Cellunator is a 
wet milling device in which the rotor rotates at high speed creating a high shear zone between 
the rotating rotor and stationary stator. The surface of the rotor and stator provides multiple 
zones with progressively small flow channels and a physical gap between the surfaces. 
Biomass material flows down the channels and within the gap. The high shear zone within the 
gap creates physical disruption of the fiber structures and enhances enzyme accessibility. As 
particles pass between the rotor and stator, the average size of the particles decreases while 
the physical gap minimizes the creation of ultra-fine particles. Figure 27 illustrates the particle 
size distribution for raw feedstock which has not been thermally pretreated before mechanical 
pretreatment. The data sets include unmilled material and for various Cellunator gap settings. 

Figure 27: Representative Particle Size Reductions with Cellunated Slurry 

 

Source: Edeniq, Inc. 

Passage of the biomass slurry thorough the Cellunator also cases high shear mixing of the 
material and increases the homogeneity of the slurry. Both characteristics can improve the 
accessibility of the biomass and improve saccharification efficiencies. The gap between the 
rotor and stator can be adjusted to create variations in the particles size reduction and 
homogeneity characteristics of the post milled slurry, which can result in enhanced 
saccharification efficiencies. During this period a couple of tests were conducted with three 
adjustments to the gap - Gap 1, Gap 2, and Gap 3, which represent a relative increase in the 
physical gap. The material was then thermally pretreated at two difference severity conditions 
using the laboratory batch technique. Results are illustrated in Figure 28. The data at the 
higher severity condition illustrate a 10 percent point improvement over the range of gaps, 
while the lower severity condition illustrated a 5 percent increase, but actually shows a slight 
decrease at the Gap 2 set point. The severity of 5 (referenced to baseline conditions) was 
reached by with a 40-minute heat-up cycle to 210˚C and zero hold time, while the severity of 4 
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was reached with a 25-30-minute heat- up cycle to 175 ˚C and a 40-minute hold time. The 
data tend to illustrate a general increase in performance with larger gap size, but the data set 
is insufficient for concrete conclusions. Continued testing of the Cellunator, its location in the 
process and in combination with different thermal pretreatment is needed to optimize the 
overall process. 

Figure 28: Saccharification Efficiency of Biomass Slurry Cellunated at Various Gap 
and Pretreatment Severities (commercial scale batch pretreatment without flash) 

 

Source: Edeniq, Inc. 

2.2.7.3. Results for Laboratory Batch Pretreatment 

To assess the performance thermal pretreatment parameters and techniques, a series of test 
samples were run using the laboratory 1-liter batch reactor. Two major parameters were 
adjusted, which included varying the maximum temperature (or hold temperature) and the 
hold time for the treatment. These variations and the glucan or C6 conversion and xylan or C5 
conversion are shown in Table 10. The average of the two-baseline thermal pretreatment 
condition of 180˚C (356˚F) and 40-minute hold time (Run # 2 and 4) were used as the 
reference performance in some analyses presented later. Run #11 appears abnormal and had 
a dilution step before saccharification, and therefore, was excluded from the reference 
performance. The thermal pretreatment temperatures ranged from 160˚C to 200˚C and hold 
times varied from 20 to 60 minutes. The feed material was fresh, air shipped bagasse from 
Brazil and the pretreatment was conducted at 12 percent solid. Saccharification was done in 
shaker flasks with the baseline enzyme cocktail dosed at baseline loading. The glucan to total 
glucan plus xylan concentration of the feed was approximately 65 percent by mass. 
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Table 10: Lab Pretreatment Performance Mapping w/o Flash (12 percent solid and 
baseline enzyme cocktail and dosing) 

RUN HOLD TEMP  
(°C) 

HOLD TIME 
(min) 

Relative C6 Yield 
@24hr, % of 

feed C6 

Relative C5 Yield 
@24hr, % of 

feed C5 

1 190 50 93 29 

2 180 40 102 107 

3 200 40 86 9 

4 180 40 98 93 

5 170 50 93 121 

6 160 40 58 100 

7 180 60 88 72 

8 170 30 111 125 

9 180 20 108 141 

10 190 30 93 63 

11 180 40 85 94 

Source: Edeniq, Inc.  

Using the severity calculation (defined in section 2.2.2.2) these various conditions can be 
translated into a single parameter to evaluate the performance of the various conditions. 
These data are illustrated in Figure 29 in which the C5 and C6 conversion are plotted versus 
the calculated severity. Based on other historical data sets the C6 conversion is analyzed with 
a linear straight-line curve fit as a function of severity. The C5 conversion is analyzed with a 
simple polynomial curve fit that reflects the dramatic loss of xylan from the biomass with 
increasing severity. A linear curve fit at severities less than this apparent maximum point is 
anticipated, but the data set did not include these low severity conditions. 
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Figure 29: C6 and C5 Conversion Efficiency as a function of Severity 

 

Source: Edeniq, Inc. 

To better illustrate this relationship between the destruction of xylan into inhibitors and non-
saccharifiable xylan oligomers the C5 and C6 conversion efficiency is plotted against the 
concentration of measurable inhibitors and acetic acid as a result of thermal pretreatment 
conditions at these various severities. These data are illustrated in Figure 30 and illustrates a 
very strong inverse relationship between the C5 conversion efficiency and the concentration of 
inhibitors in the post thermally pretreated biomass. 

Also illustrated is the C6 conversion efficiency as a function of inhibitors. There appears to be 
no direct relationship between the C6 conversion and the concentration of inhibitors, which 
illustrates that very little glucan is converted into inhibitors during thermal pretreatment and 
almost all of the inhibitors are related to xylan and related hemicellulose polymer reactions. In 
summary the loss of C5 conversion efficiency at higher severities is directly related to the 
conversion of xylan into inhibitors and non- saccharifiable xylan oligomers. 

The overall objective of these tests is to establish a performance mapping of the critical 
thermal pretreatment parameters – time and temperature. Using the results from the above 
design of experiments characterization testing plotted above as the conversion efficiency as a 
function of severity, a 3-D performance map conducted is shown in Figure 31. The overall 
trend of these data are clearly indicating that for this operational envelope there is a slight 
parabolic optimization as a function of temperature which increases as the duration of 
pretreatment decreases, (i.e. as severity decreases). This observation is counter intuitive for 
C6 performance; typically, data indicate that as the severity increases (e.g. temperature 
and/or time of thermal 



C-21 

pretreatment increases) the relative C6 conversion will also increase. One issue with laboratory 
thermal pretreatments is the variability of heat up cycles which effect severity and this might 
be the cause of the observational inconsistency in the data. Another difference is that the 
laboratory thermal pretreatment reactors do not include the flash function or the rapid release 
of pressure causing evaporative cooling and additional physical disruption of the fiber 
structures. Both the CCM and the commercial scale thermal pretreatments include this 
functionality as identified in Table 9. Later in this report these data will be related to 
commercial thermal pretreatment that have direct steam injections heat up cycles which are 
more consistent. Our final conclusions will be based on integration of all data sets. 

Figure 30: C6 and C5 Conversion Efficiency as a function of Relative Inhibitor 
Concentration 

 

Source: Edeniq, Inc. 

2.2.7.4 Results for commercial scale thermal pretreatments 

Edeniq’s analysis of thermal pretreatment technologies and techniques also includes the use a 
commercial scale pretreatment system. The characteristics of this equipment were compared 
with the operational characteristics of other equipment earlier in this report. The key 
difference from the laboratory technique is that “as received” biomass is loaded into the 
reaction vessel and high-pressure steam is used to heat the biomass uniformly to higher 
temperatures. The as received biomass (e.g. bagasse for this testing) can be described as 
fresh from the sugar mill crushing and washing operations and typically has a moisture 
content of 50 percent versus the typical process targets of 10 to 30 percent solids (i.e. 90 to 
70 percent moisture). Figure 31 shows the performance map of laboratory thermal 
pretreatment.
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Figure 31: Performance Map of Laboratory Thermal Pretreatment (Laboratory 
batch pretreatment without Flash) 

 

Source: Edeniq, Inc. 

Based on these preliminary characterization data a more extensive test matrix was conducted 
on the commercial batch thermal pretreatment to better assess impacts and operational 
optimizations. A graphical illustration of the C6 and C5 saccharification performance is 
provided in Figure 32. The post pretreated biomass was used to create a 10 percent solids 
slurry and saccharified with baseline enzyme cocktails in shaker flasks and the performance 
results after 24hours are illustrated. A sample of non- pretreated biomass was also 
saccharified and illustrated on the chart with open data points. Both the linear trend of 
increasing C6 performance with higher severity and the parabolic performance of C5 sugars 
are observed. In comparison to the laboratory thermal pretreatment the peak of the C5 
performance is substantially lower with the higher temperature shorter thermal pretreatments 
although the severity indexes of these tests were similar (i.e. in the range of 3 to 5 severity 
index referenced to 100C and 5.65 pH). 

The composition of the post pretreated material as also examined for the inhibitors and these 
data are illustrated in Figure 33. The concentration of Furfural and 5-HMF are examined and 
demonstrate lower concentration as expected due to the flash step that is used in the 
commercial scale thermal pretreatment. Similar characteristics would be expected in the 
laboratory treatment if a flash step is included. The loss of material is also consistent with the 
mass balance compositional analysis which identified material lost during the flash but did not 
identify the specifics components. In the CCM hardware and in commercial process hardware 
the vapor stream from the flash step is passed to a condenser where the thermal energy can 
be captured and recycled to appropriate low temperature process steps and the volatile 
organic compounds are scrubbed from the process and managed appropriately to eliminate 
process emissions. 
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Figure 32: C6 and C5 Conversion Efficiency as a Function of Severity (Commercial 
batch pretreatment with flash) 

 

Source: Edeniq, Inc. 

Figure 33: Illustration of Increasing Inhibitors with Higher Severity Indexes 
(Commercial batch pretreatment with flash) 

 

Source: Edeniq, Inc. 
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Again, the overall objective of these tests is to establish a performance mapping of the critical 
thermal pretreatment parameters – time and temperature. Using the results from the above 
design of experiments characterization testing plotted above as the C6 conversion efficiency as 
a function of severity, a 3-D performance map conducted is shown in Figure 34 below. The 
same constant severity lines (Target, Low and High Severity) are shown. The data are 
repressed as a relative conversion using the average of the data set as a reference. The 
performance of the commercial scale thermal pretreatment is typically at higher temperatures 
(180 to 213˚C) and for shorter times (6 to 16 minutes hold). Heat up was accomplished by 
direct steam injection and the biomass was loaded into the in the as received state so 
pretreatments occurred with the biomass at relatively high solids levels of 50 percent. These 
data sets illustrate a parabolic as a function of time and steadily increasing performance with 
higher temperatures and higher severities. The relative C5 conversion as shown above 
dramatically decreased with higher severity pretreatments. 

Figure 34: Performance Map of Commercial Scale, Thermal Pretreatment 
(Commercial batch pretreatment with flash) 

 

Source: Edeniq, Inc. 

2.2.7.5 Comparison Results from Thermal Pretreatment 

The overall objective of conducting and evaluating the above tests was to understand and 
characterize the various operational and performance parameters that deal with definition of 
an optimum continuous mechanical and thermal pretreatment process. Therefore, 
understanding the variation of the batch processes is important. 

One of the key differences between the laboratory and commercial scale batch thermal 
pretreatment process described above is the heat up cycle which impacts severity. In order to 
assess these differences, the severity calculation was mapped as a function of time and 
temperature. Figure 35 below illustrates these calculations as severity as a function of time for 
a family of temperature curves from 100˚C to 210˚C. To illustrate the impact of heat up cycle 
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the laboratory and commercial data point with the greatest severity are illustrated as an 
overlay to the mapping of severity. In both cases the severity was determined to be in the 4.7 
to 4.8 range as referenced to 100C and 5.65pH. One difference was that the rate of change of 
severity for the commercial process during the heat up cycle was much greater (i.e. the heat 
up cycle much shorter) than the laboratory test. The optimum C6 conversion of the laboratory 
data set was at the lower severity and the optimum for the commercial scale was at the higher 
severity. Therefore, although severity is a good parameter to characterize performance within 
a process more research is needed to assess the translation of this parameter across 
platforms, such as the difference between the laboratory and commercial scale thermal 
pretreatment. 

Figure 35: Comparison of Heat-up Cycles for the Laboratory and Commercial Scale 
Pretreatment Processes 

 

Source: Edeniq, Inc. 

Overlaying the data sets from the laboratory and the commercial thermal pretreatments can 
be done using the time versus temperature performance map. In Figure 36 below the 
laboratory data are shown with circle data points and the commercial data with triangles. The 
relative performance with the data sets has been translated into low precision color coding in 
which red represents highest relative performance and as the color progresses down from red 
to orange to yellow to green the relative performance decreases. With this overlay a target 
zone for the continuous thermal pretreatment can be identified as illustrated by the semi-
transparent red shaded area. This zone shall provide directional guidance for characterization 
of the continuous thermal pretreatment equipment once operational. 
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Figure 36: Relative Comparison of Optimum C6 Conversion Performance indicating 
Target Operational Zone 

 

Source: Edeniq, Inc. 

Another observation of the testing conducted with the laboratory and commercial scale 
thermal pretreatment equipment was the impact on C5 conversion. In both cases the data sets 
appeared to follow a parabolic type curve in the zone of severities tested. The loss in C5 
performance was related to the increase in inhibitor concentrations of the post thermally 
pretreated material. If the overall process is being designed for sugar production and the 
sugars are being feed into an inhibitor sensitive reaction or if the sugars are being fermented 
by C6 and C5 compatible yeast into ethanol, optimization of the thermal pretreatment might 
occur at the upper target zone. If the downstream process is for C6 sugars only yeast, the 
optimum thermal pretreatment conditions might be at the higher temperature, shorter 
residence time or lower end of the target zone. 

In examining the C6 performance as a function of severity another observation can be seen 
and is illustrated in Figure 36. In comparison the commercial scale thermal pretreatment 
illustrated a 5 to 10 percent point improvement over the laboratory treatments when 
adjustments to the laboratory data were shifted upward based on the feedstock age analysis. 
This improvement could be related the primary differences in pretreatment, which include the 
following: A) heat-up cycle; B) moisture content of the solids during pretreatment; C) moisture 
content of solids during flash; C) physical fiber disruption during the flash step; or D) other 
characteristic. These parameters will continue to be assessed during future testing and 
specifically when the continuous mechanical and thermal pretreatment equipment is 
operational. 
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Figure 36: C6 Performance Comparison of Commercial Scale and Laboratory Scale 
Thermal Pretreatment 

 

Source: Edeniq, Inc. 

Another advantage of the commercial batch pretreatment technique used to characterize 
process conditions is the beneficial flash step which is absent in the laboratory technique. 
Without the flash a large fraction of the side-product chemical reactions of the higher severity, 
thermal pretreatments are condensed and remain in the post pretreated biomass, which helps 
support mass balance and side reaction analyses. Two of these inhibitors of greatest interest 
to downstream sugar conversion process (e.g. fermentations) are Furfural and 5-HMF. Figure 
37 illustrates the exponential relationship that inhibitor formation has with increasing severity 
index and clearly illustrated the advantage of the flash step. The exponential increase will stop 
and level off as the C5 polymer composition is decreased and is completely hydrolyzed. Also 
shown is the optimization of the overall biomass conversion process will require the balancing 
of process unit operations thermal pretreatment conditions to maximize the potential for C6 
and C5 conversion efficiency with acceptable concentration of non- fermentable components 
and inhibitors. The characterization of process parameters and resulting process efficiencies 
such as the data presented in these tests are critical in finalizing the final continuous 
pretreatment and saccharification unit operations being developed. 
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Figure 37: Illustration of Increasing Inhibitors with Higher Severity Indexes 
(Laboratory Batch Pretreatment without Flash) 

 

Source: Edeniq, Inc. 

2.2.7.6 Results from Enzyme Cocktail Testing 

Edeniq has actively pursued and evaluated enzyme cocktails from a number of sources. These 
have included well established suppliers with commercially available products generally 
designed for biomass saccharification, earlier stage companies with emerging technology, 
universities, and government sponsored agencies. These are summarized in Table 11. In 
addition, Edeniq has initiated and conducted an internal research program with a major 
objective of developing proprietary enzymes to supplement and improve the performance of 
commercial cocktails it might obtain from external sources. This strategy will help ensure that 
its combined pretreatment and saccharification technology can be effectively adapted to 
varying feedstocks. 
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Table 11: Summary of External Enzyme Suppliers and Partners 

Supplier Technology Description 

A Broad based proprietary commercial enzyme offerings 

B Novel cellulase cocktails; novel fungal production host 

C Broad based proprietary commercial enzyme offerings 

D Broad based proprietary commercial enzyme offerings 

E Novel oxidoreductases to supplement commercial cocktails 

F Advanced analytics; novel enzymes and enzyme production host 

G Novel developmental enzymes for corn kernel fiber hydrolysis 

H Protein engineering; production host development 

I Novel xyloglucanases 

J Distributor; multiple enzyme offerings 

Source: Edeniq, Inc. 
As an example of saccharification activity, Figure 38 shows the relative glucan (C6) conversion 
of bagasse by commercial cocktail A as a function of enzyme dose and saccharification time. 
The bagasse was thermally pretreated. Aliquots of bagasse were placed in glass flasks and 
diluted to 5 percent solids. The enzyme was dosed on a percent weight basis relative to 
bagasse solids. The pH was adjusted, and the flasks incubated in a shaker incubator for a total 
of 48 hours. Samples of liquid were removed at predetermined time intervals of 4, 8, 12, 24, 
and 48 hours, filtered, and glucose analysis conducted by high performance liquid 
chromatography. Reported conversions were calculated based on the total initial glucan 
content of the pretreated feedstock. As can be seen, there is a clear dose response for cocktail 
A and, perhaps more importantly, maximum glucose release occurs at approximately 24 hours. 
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Figure 38: Glucan Conversion as a Function of Enzyme Dose and Reaction Time for 
Commercial Cocktail A 

 

Source: Edeniq, Inc. 

Figure 39 captures the results of a similar shake flask experiment with a novel cocktail from 
supplier C. In this case feedstock was pretreated thermally as above and the saccharification 
conducted for 72 hours. The pH and temperature were adjusted for the optima for this 
particular cocktail. Unlike the previous experiment, the feedstock solids level was varied – 5 
percent, 10 percent, and 20 percent. Surprisingly, Cocktail C effectiveness is relatively 
unaffected by solids content. This is unusual for cellulase cocktails which, in general, rapidly 
lose activity as substrate levels increase. The fact that Cocktail C is insensitive to this effect 
indicates that it may be worth evaluating closely for application in continuous saccharification 
in which use of higher substrate concentrations is an important lever for increasing throughput 
and decreasing capital expenses. 
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Figure 39: Glucan and Xylan Conversion for Experimental Cocktail C Showing 
Excellent Activity at High Bagasse Solids 

 

Source: Edeniq, Inc. 

Figures 40 and 41 show the results of saccharification testing with Cocktails B1, B2 and B3 at 
shake flask scale using bagasse as a substrate. The enzymes, obtained from partner B, contain 
varying amounts of hemicellulase relative to cellulase activity, which is held constant. Figure 
40 demonstrates this, as relative glucose conversions for the 3 cocktails uniformly reach 75 
percent following 48 hours of saccharification. Figure 41, conversely, shows that relative C5 
conversions vary from approximately 20 percent to 80 percent dependent on the relative 
amount of hemicellulase present. In this way, it is clear that the saccharification process can 
be selectively “tuned” for C5 conversion, as dictated by end user requirements. 
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Figure 40: Glucan (C6) Conversion with B1, B2 and B3 Cocktails 

 

Source: Edeniq, Inc.  

Figure 41: Xylan (C5) Conversion with B1, B2 and B3 Cocktails 

 

Source: Edeniq, Inc.  
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2.2.7.6 Results from Demonstration Scale Saccharifications 

Figure 42 shows data generated in separate trials using Edeniq’s pilot scale Continuous Sugar 
Process – one run with Cocktail A, the other with Cocktail B1. Bagasse was the feedstock, 
which was thermally pretreated. Solids level during pretreatment was 12 percent. The 
pretreated feedstock was loaded into the system’s Mix Auger at 12 percent, dosed with 
enzyme, and pH adjusted to the respective pH optimum for the cocktail in use. 

Saccharification temperature in both cases was held constant. As can be seen, samples were 
extracted for glucose analysis at predetermined time points at the Mix Auger and the outlet of 
Auger 4, the last saccharification auger. The data indicate that, while both cocktails appear to 
function equivalently in the Mix Auger, Cocktail A generates greater relative glucose yield at 
the outlet of auger 4. This is an indication that one or more components of Cocktail A have a 
longer effective half-life under the conditions tested than its counterparts in Cocktail B1. This 
information will be used in future enzyme development efforts. 

Figure 42: Saccharification Conversions for Commercial Cocktails A and B1 in 
Edeniq Continuous Sugars Process 

 

Source: Edeniq, Inc. 
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Figure 43 captures the results from a recent combined pilot and bench scale saccharification 
using bagasse as the feedstock. These experiments included the addition of a development 
chemical additive discovered by Edeniq. The additive is designed to improve the effectiveness 
of cellulase cocktails in the saccharification of biomass. 

Figure 43: Comparison of Various Enzyme Dosing with and without Chemical 
Additive on Glucan (C6) Yield Performance 

 

Source: Edeniq, Inc.  

The feedstock was processed through the Edeniq pretreatment and Cellunator process. An 
aliquot was pulled for laboratory flask saccharification using a range of enzyme (i.e., 0, 0.5X, 
and 1X of baseline) and additive dosing (i.e., 0, 1X or no dosing and baseline). Thirty gallons 
of the pretreated feedstock was saccharified using a pilot batch using a 1X enzyme dosing 
without additive. All saccharification tests were performed for 48 hours. The lab flasks dosed 
with 1X enzyme or with 0.5X enzyme and 1X additive had a 48-hour relative C6 conversion of 
56 percent and 55 percent, respectively. The pilot scale system using a 1X enzyme dosing had 
a relative C6 conversion of 50 percent which was slightly lower than in the shake flask due to 
mass transfer limitations in the stirred tank. The best performing saccharification was in the 
shake flasks having 1X enzyme and 1X additive, which had a 48-hour relative conversion of 81 
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percent. These data indicate the ability for the Edeniq process to achieve significant glucose 
yields. Also, the results suggest that the additive technologies being developed by Edeniq have 
the ability to increase the C6 yields by approximately on the order of 1.5X, or equivalently cut 
the needed enzyme loading by on order of 50 percent. 

2.3.8 Summary 
In summary the continuous process has been defined with some flexibility in unit operations 
and optimization control points. The equipment improvement designs have been developed, 
and individual improvements partly implemented. Mapping of key conditions and candidate 
cocktails has been completed and a baseline composition and supplier has been selected. 
Characterization mapping of the key thermal pretreatment conditions have been completed 
using both laboratory and commercial scale batch reactors. Severity conditions have been 
targets into regions depending on the overall process optimization parameters such as 
maximizing both C5 and C6 fermentable sugars, maximizing C6 sugars only, or minimizing 
inhibitor concentrations. Our key challenge today is the integrated continuous preprocessing 
and pretreatment pilot facility and its characterization testing, to establish full improved 
system capabilities – and a new baseline for optimization. 

2.3.9 Future Work 
1. Mechanical Pretreatment 

a. Finalize feedstock preprocessing, hydration, wet milling, and slurry pressurization 
configuration in support of continuous thermal pretreatment operations. 

b. Characterize post mechanical pretreatment for particle size, hydration, and 
homogeneity and establish the ability to provide mechanically pretreated slurry at 
elevated pressure. 

2. Thermal Pretreatment 
a. Continue characterization testing of various California feedstock focused on 

developing continuous operational and performance optimization maps. 
b. Assess the ability to dewater pre- and post- thermally pretreated biomass of various 

characteristics to assess unit operations flexibility. 
c. Design and procure components required for continuous mechanical and thermal 

pretreatment unit operations and incorporate into the 1 ton per day (dry) pilot 
facility. 

d. Characterize the operational performance of the continuous front-end process and 
optimize enhanced saccharification performance. 

3. Enzyme Cocktail 
a. Continue characterizing commercial cellulase cocktail operating envelopes against 

program feedstocks and pretreatment / saccharification conditions associated with 
the Edeniq Continuous Sugars Process. 

b. Continue developing proprietary supplemental enzymes to augment commercial 
cocktails. 

Testing will continue as further improvements are made to the Continuous Sugars Pilot Plant – 
likely through 3Q 2014. New equipment for continuous pretreatment operations, and full 
integration of these systems with existing operations will be key elements of the biorefinery 
improvement program and experimental activities following the baseline studies.
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Appendix D: 
Report on Equipment Development 

2.3 Equipment Development / Optimization - Pretreatment 
2.3.0 Introduction 
The Task 2.3 of the California Cellulosic Ethanol Biorefinery Project, grant ARV-11-018 funded 
by the California Energy Commission, is to develop modifications and equipment 
improvements for the conveyance of higher solids slurries for conveyance into the 
pretreatment equipment. 

As indicated in previous progress reports, low-density, fibrous cellulosic feedstocks have 
presented process challenges – particularly around the physical aspects of pre-processing and 
pre-treatment. In these areas, the residuals (e.g., bagasse) from cane crops (energy cane, 
sugar cane) are particularly challenging, and have thus been the focus of our development 
efforts. 

The report shall give updates on developments for the following steps in the slurry preparation 
process for these low-density, fibrous materials – with bagasse chosen as the feedstock for 
developmental focus: 

• Feedstock Processing and Sizing  
• Hydration and Dilution 
• Sizing and Homogenization  
• High Pressure Conveyance 
• Pretreatment (will be covered in SOW 2.2) 

The overall approach is to: 
1. Analyze feedstock upon arrival 
2. Send feedstock through sizing process to get feedstock into targeted size ranges 
3. Corral the feedstock material from preprocessing 
4. Convey the material at a rate sufficient to support continuous processing 
5. Create a positive conveyance of the feedstock material for downstream processes 
6. Hydrate the feedstock material into a slurry 
7. Allow control over the solids content of the slurry to be processed downstream 
8. Homogenize the slurry 
9. Create a pumpable slurry capable of being pumped at high pressure if necessary 
10. Pump material downstream with capabilities of high discharge pressures for 

downstream ops.



 

  D-2  

2.3.1 Objectives 
• Develop capabilities for handling and processing highly fibrous, low-density cellulosic 

feedstocks using Edeniq’s technologies. 
• Develop modifications to slurry dispenser unit operation capable of attaining desired 

higher solids loadings. 
• Develop improved equipment for conveyance of higher solids slurries. 
• Prepare and submit a report on equipment development / optimization – pretreatment 

that describes the equipment modifications to the slurry dispenser unit and the 
conveyance equipment and the performance results of the modified equipment. 

2.3.2 Development Areas 
2.3.2.1 Feedstock Processing and Sizing 

Feedstock is initially transferred to the cellulosic facility at moisture contents between 7 
percent and 65 percent water but has the physical property of dry spheres to damp fibers. 
This material must ultimately be sized to a targeted particle size range so that it can be 
transformed to a fluid that can be pumped. 

a. If required send material through a debaler, this will be dependent on the size range 
of the arriving feedstock 

b. Sieve feedstock through a Sweco GyraMax vibrating screen to split the material into 
three particle sizes; fines (too small), right sized, and oversized (too large). 

c. Too large particles will be sent through a hammer mill and returned to the GyraMax 
for further processing. 

2.3.2.2 Hydration and Dilution 

Bagasse is initially transferred to the cellulosic facility at moisture contents between 35 percent 
and 65 percent water but has the physical property of dry to damp fibers. This material must 
ultimately be transformed to a fluid-like phase that can be pumped. The first step of that 
process is to hydrate the biomass cells by the addition and absorption of water into the 
biomass. There are a few ways to accomplish this: 

a. Add biomass to water and agitate, or mix the water and biomass 
b. Use a mechanical piece of equipment to force the water to contact the biomass at 

high velocities and incorporate the water into the biomass structure 
The second step is to add water to reduce the solids content to a level that the material can 
be mechanically sized and homogenized. This will be accomplished with Edeniq’s proprietary 
Cellunator system.  

2.3.2.3 Sizing and Homogenization 
The diluted stream will be passed through the Edeniq’s Cellunator™ first by cutting and 
shearing to reduce the size of the solids in the slurry to a particle size of less than 
approximately 1 millimeter and an overall median size in the range of 100-200 microns. One of 
the key attributes of the Cellunator is the ability to reduce overall particle size average by re-
sizing large particles without increasing the amount of fines or excessively small particles. The 
second attribute is homogenization which is accomplished through the same process 
equipment, with the smaller particle size distribution and the shearing effect of the Cellunator. 
The Cellunator output is a homogeneous solution where the particles in the slurry are 
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distributed evenly throughout the slurry and will remain stable in this state even after mixing 
has terminated. 
2.3.2.4 High Pressure Conveyance 

The final step is the pumping of the slurry at a pressure of up to 200 pounds per square inch. 
This pressure is determined by the temperature the pretreatment process is going to operate 
at by the addition of steam. Since the pretreatment process could operate at over 200oC the 
steam pressure could approach 200 pounds per square inch. The slurry as it leaves the 
Cellunator is at atmospheric pressure and therefore will require some type of positive 
displacement pump to generate the head pressure to convey into the higher-pressure 
pretreatment system. Though many types of pumps have that ability with a clean fluid, 
accomplishing that with a high-solids slurry stream is the challenge for this process. 

2.3.3 Background 
2.3.3.1 Feedstock Processing and Sizing 

Edeniq has looked at quite a number of feedstocks over the last three years as explained in 
the SOW Report 2.1. We have handled feedstocks with sizes from 100’s of microns up to 4-6 
inches. We have handled the materials with moisture level from 7 percent water up to 65 
percent water. We have handled materials that are soft fibers, to very brittle spheres. We have 
worked with many vendors on how to dry, chop, shred, crush, and hammer the material as 
well as actually pelletizing the biomass to increase density.  

Based on the results of all that experience, we have determined that our process must include 
a system to get material down to under 10 millimeters. We need to have a process to collect 
the particle size we need for downstream processing, and we may need a recycle process to 
increase the yield of usable material with respect to incoming feedstock. We have built that 
process, shown in Figure 44, and have been operating that equipment with both corn stover 
and bagasse. That material has been used for testing in our processes and in other 
experiments. Those other processes continue to provide feedback to this process for further 
improvement in operations, costs, and processing capabilities. 
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Figure 44: Edeniq Pre-Processing and Sizing Process Units 

 

Source: Edeniq, Inc.  

2.3.3.2 Hydration and Dilution 

The main goal around the development of this equipment is to develop hydration and mixing 
capabilities for a continuous process. Previous work conducted as part of the Corn to Cellulose 
Migration project mixed the biomass solids directly with water in a vessel. The material can be 
mixed and at temperatures approaching water’s boiling point will hydrate relatively quickly. 
However, in sizing the equipment for demonstration or commercial based throughput the size 
of the vessel, demands on the agitation system required to keep the biomass entrained in the 
water become quite excessive, and in a direct batch scale-up will be prohibitively expensive. 
As a result, an alternative solution was proposed by our technology partner, IKA Works 
(Wilmington, NC). This resulted in the purchase of an MHD-2000 designed to mix, hydrate, 
and disperse low density cellulosic feedstock material in an inline, continuous process. Solids 
and liquids are instantaneously mixed and dispersed in one step, maintaining a dust free 
environment. The MHD accurately proportions the solid and liquid inputs and combines and 
disperses the resultant output stream into a homogeneous, final product. Tanks and agitation 
equipment can be eliminated, saving capital and operating expenses. A similar process was 
tested in 2011 at Edeniq with corn stover. Prior to the MHD application, with the simple 
approach of mixing inside a batch vessel, the highest level of solids that was attained was 
about 23 percent due to viscosity, agitation torque, and the overall difficulty in mixing the 
slurry. With the application of the MHD to this process, however, the output stream attained a 
solids level of 33-40 percent solids, depending on the size and moisture content of the original 
biomass. This approach has thus had a proven benefit in the case of corn stover that Edeniq 
will attempt to leverage to a broader range of difficult-to-process cellulosic biomass. 

2.3.3.3 Sizing and Homogenization 

The main goal in this equipment section is to develop sizing and homogenization capabilities 
for a continuous process. Edeniq has extensive experience in the utilization of our proprietary 
Cellunator in both the corn ethanol industry (enhancing efficiency and enabling processing of 
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inedible corn kernel fiber to cellulosic ethanol) and also in bulk cellulosics work conducted as 
part of the “Corn to Cellulose Migration” project with the US Department of Energy. Edeniq has 
installed five separate Cellunator systems in corn ethanol plants in the Midwest and California. 
The Cellunators are utilized directly in the stream between the slurry and liquefaction steps of 
the process to release extra starch and also enable the conversion of cellulose (with 
appropriate enzymes) to increase the overall ethanol production from the same amount of 
corn feedstock. This equipment has been operated and tested since 2009. In corn plants the 
Cellunator can operate at solids levels up to 35 percent. Edeniq has also used the Cellunator in 
its CCM-based corn stover process development as a part of the integrated pretreatment 
process to again size and homogenize material in a slurry phase, in this case creating more 
accessible cellulose for enzyme reaction in the saccharification step. A corn stover solids level 
of 23 percent has successfully been moved through the Cellunator after pretreatment. 

2.3.3.4 High Pressure Conveyance 

Edeniq has extensive operations experience with pumps, in particular with positive 
displacement pumps capable of high pressures (i.e., 100s of psi). Recent experience has 
included the use of several pump types: hose (peristaltic), lobe, progressive cavity, diaphragm, 
and plunger positive displacement pumps for clean fluids and slurries and at low and high 
pressures. We have limited experience, on the other hand, with operations of these pumps at 
both high slurries and high pressures simultaneously; this needed dual functionality provides 
that challenge and motivation for this particular objective. 

2.3.4 Safety Measures 
Special precautions in this work has included, and will continue to include the following: 

• Standard personal protective equipment and safe operating procedures must be 
followed throughout these trials. 

• A safety review and walkthrough of the integrated system was completed, and the 
suggested changes were implemented. 

• Going forward, additional safety reviews will be done as necessitated by any proposed 
changes that are significant to either operation or construction and should be 
completed before any such changes are implemented. These safety reviews should be 
called out in the individual run plans as necessary (or not necessary if there are no 
significant changes) and the results of the safety review should be documented as part 
of the run plan. 

• A full hazard and operability review is performed before integrating new equipment for 
research or inclusion into the modified bio refinery system. 

2.3.5 System Monitoring 
The preliminary run outline, along with key control and measured parameters is included 
below. 

1. Determine optimal conditions for Feedstock Processing and Sizing 
The goal in this section is to find specific conditions suitable for each feedstock, and any 
associated feedstock-specific limitations. Specific parameters of interest include: 

a. Conveyance Rate 
b. Moisture Levels 
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c. Yields of specific particle size ranges 
d. Throughput capabilities 

2. Determine optimal conditions for mixing, hydration, and dispersion; sizing and 
homogenization; high pressure conveyance 
The goal in these sections is to find specific conditions suitable for each feedstock, and 
any associated feedstock-specific limitations. Specific optimization parameters of 
interest include: 

a. Flow 
b. Solids Level 
c. Hydration and/or water retention 
d. Residence time 
e. Vary initial solids level - 

i. 5, 10, 15, 20 percent (w/w) solids in initial slurry 
2.3.6 Procedure 

1. Testing procedure for feedstock processing and sizing 
a. Analysis 

i. Do compositional analysis of incoming feedstock to determine 
1. Glucan, xylan and other sugar pre-cursers 
2. Moisture 
3. Ash Level (minerals and sand) 
4. Total carbohydrates 
5. Extractives (organics) 

b. Debaler Processing if feedstock has particles over 10 millimeters 
i. Feed bales into debaler and collect material for further processing 

c. Feed feedstock from bag unloader onto conveyor 
d. Convey material into Sweco GyraMax Vibrating screen 
e. Sieve feedstock through a Sweco GyraMax vibrating screen to split the material into 

three particle sizes; fines (too small), right sized, and oversized (too large). 
f. Collect fines and right size particles 
g. Recycle oversized (too large) particles back to the GyraMax vibrating screen for 

further processing 
2. Testing procedure for mixing, hydration, and dispersion 

a. Process Unit Operations 
i. Feed Trough w/ Blower: This system will be used as the primary “start” of the 

process, as it will be used to keep the downstream unit operations fed. 
ii. Live Bottom Hopper: This system will be used to corral the material and begin a 

positive conveyance of the material for downstream operations that require 
forced-fed material. 
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iii. MHD-20: This system will be used to hydrate the material and create a 
controllable percent solids slurry for downstream processes. 

iv. In the absence of a live bottom hopper (in the near term), smaller scale testing 
can include this temporary arrangement: 
1. Small Hopper: To corral material and provide some capacity for continuous 

processing. 
2. Side Mixer: Mounted inside the small hopper, this mixers job is to keep the 

feedstock from bridging, and instead provide unabated flow of the material to 
the screw auger. 

3. Flexible Screw Auger/Conveyer: Mounted from the bottom of the small 
hopper, this conveyer’s primary role is to convey material towards the feed of 
the MHD in a controlled and metered manner. 

4. Feed Cone: Mounted atop the inlet of the MHD, this funnel is used to corral 
the material falling out of the conveyer (by gravity) and funnel it into the 
MHD solids inlet. 

5. Cone Auger: Mounted concentrically with the Feed Cone, this auger’s main 
job is to force the feedstock material being gravity fed from the conveyer 
through the funnel and into the MHD in a positive and forceful manner. 

b. Campaign Test Plan 
i. Modify and re-modify Side Mixer blades/spokes until design allows for unabated 

flow of the material down to the conveyer auger. Success will be gauged in 
terms of the ability for the flexible screw conveyer to have full flights of material 
under any reasonable screw speed. 

ii. Time Trial flexible screw conveyer to gain ability to correlate conveyer speed 
setting (Hz or percent) with actual throughput (lbs./min). This can be done via 
bucket tests. Running larger volumes of material over longer time periods will 
give most accurate results. 

iii. Time Trials with new (as-received) materials should also be run to ensure there 
are no major differences in throughput versus speed setting. 

iv. MHD Operating Limits Tests will be run to determine 
1. Minimum water MHD is capable of running at for highest percent S slurry. 
2. Optimal set points for targeted percent S (15 percent S w/w). 
3. Maximum percent S slurry than can be produced via MHD slurring. 
4. Tests can be repeated with as received and/or other feedstocks. 

3. Testing procedure for sizing and homogenization 
a. Periodic Testing with single pass from CSP - There are currently two MK colloid mill 

Cellunators involved in testing. One is the MK20 that is located in the CSP plant and 
is periodically used to cellunate material that has been pretreated, flashed and is 
being pumped to the mix auger for saccharification. This process has been tested 
with corn stover for CCM and is now in testing with bagasse. The transfer pump P-
2801 is turned on, and when flow has been established the MK-4001 is turned on. 
The material is pumped through the Cellunator on a single pass basis, and samples 
should be taken both before and after the Cellunator. 
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b. Stand Alone Testing – A second MK Cellunator is being tested as a stand- alone 
system for doing single and multi-pass evaluations of the Cellunator with bagasse. 
Currently these tests have all been conducted with a bagasse feedstock with a range 
of size from 250 microns to 3.3 millimeters. In these tests we used the IKA-10 and 
the continental positive displacement pump in a continuous loop. The majority of 
these tests took approximately 6 hours to complete maintaining a temperature of 
160 to 190 degrees F while in continuous recirculation. First the loop was filled with 
water. Once the loop was filled with water the pump and Cellunator was started. 
Once the water came up to temperature (160-180f) bagasse was loaded at a slow 
rate to ensure no plugging would take place. Bagasse was added until we hit 8 
percent solids in most cases. There was one case where we took the solids up to the 
point where we lost pumping capability which was around 11-12 percent solids. The 
plan includes varying the initial solids level - 
i. 5, 10, 15, 20 percent (w/w) solids in initial slurry. 
ii. Water is added to a pump and Cellunator piped in series. The pump pushes 

water through the Cellunator and then is returned to a funnel/hopper to collect 
the material on the suction side of the pump for recirculation through the 
Cellunator again. The quantity of water is documented. 

iii. Solid bagasse 35-65 percent is then hand fed into the hopper and slowly the 
solids level is increased. 

iv. Material is fed until there is a plug, or the pump or Cellunator fail. 
4. Testing procedure for high pressure conveyance 

a. The pump is operated at current design pressure for operations as it was designed 
for in corn to cellulosic migration plant. It has discharge valve throttled back to 
determine maximum discharge pressure. 

b. Stand-alone pump is piped to have discharge pumped back to hopper on suction of 
progressive cavity pump. Biomass material was added until slurry achieved 8 
percent solids and then was recycled. The discharge valve on the pump was closed 
to show the maximum discharge pressure which was only 40 pounds per square 
inch. A multistage progressive cavity is currently being reviewed as pump that can 
meet the 200 pounds per square inch goal. A piston pump is also being reviewed 
with a local area company. 

c. All current pumps have been designed for 150 pounds per square inch process 
service, so appropriate modifications are being made to operate at the higher 
pressures. 
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2.3.7 Results and Conclusions: 
2.3.7.1 Results for Feedstock Processing and Sizing 

Tables 12, 13 and 14 show the historical and sample replicate compositional analysis. 

Table 12: Compositional Analysis; Historical 

Biomass %Lignin %Glucan %Xylan %Arabinan %Acetyl %Extractives %Ash %Solids 

July 19.9 ± 
0.1 

39.5 ± 
0.1 

19.6 ± 
0.1 1.9 ± 0.1 3.1 ± 

0.1 9.0 ± 0.2 2.7 ± 
0.7 95.8 

August 20.1 ± 
0.1 

39.3 ± 
0.4 

19.2 ± 
0.2 1.9 ± 0.1 3.2 ± 

0.1 8.4 ± 0.1 2.8 ± 
0.5 95 

October 21.6 ± 
0.1 

38.4 ± 

1.1 

20.3 ± 

0.5 
2.1 ± 0.1 2.9 ± 

0.2 3.9 ± 0.1 
10.6 
± 

0.8 
99.7 

November 20.2 ± 
0.1 

39.8 ± 
0.3 

19.8 ± 
0.1 2.2 ± 0.1 3.0 ± 

0.1 8.5 ± 0.2 2.6 ± 
0.7 96 

December 21.2 ± 
0.6 

41.1 ± 

0.2 

19.7 ± 

0.1 
2.0 ± 0.1 3.2 ± 

0.2 3.6 ± 0.1 
2.7 ± 

0.2 
93.4 

Source: Edeniq, Inc. 

Table 13: Compositional Analysis; Sample Replicates 

Biomass % Total Carbohydrates % Extractives % Ash % Lignin % Solids 

Sample A 59.31 4.91 3.05 17.41 97.11 

Sample B 64.15 4.91 2.82 18.01 97.11 

Sample C 62.24 4.91 2.78 17.11 97.11 

AVG 61.9 4.91 2.88 17.51 97.11 

Source: Edeniq, Inc.  

Table 14: Compositional Analysis; Sample Replicates 

Biomass %Glucan % Xylan % Galactan % Arabinan % Mannan % Total 
Carbohydrates 

Sample A 38.71 17.89 0 2.71 0 59.31 

Sample B 39.25 21.45 0 3.45 0 64.15 

Sample C 38.54 20.74 0 2.96 0 62.24 

AVG 38.83 20.03 0 3.04 0 61.9 

Source: Edeniq, Inc.  
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Figure 45 shows aliquots of various samples of feedstock bagasse evaluated; the lot-to-lot 
variability is visually evident.  

Figure 45: Raw Bagasse Feedstock 

 

Source: Edeniq, Inc. 

Figures 46, 47 and 48 shows the effect of sizing and sieving in two configurations. Figure 46 is 
the broadest size cut typically run on our preprocessing equipment, Figure 47 is a narrower 
cut, as explained further below, and Figure 48 shows the fines of materials <250 microns. 
Material depicted in Figure 46 has been run consistently for downstream testing with the 
oversize limit set at 3.3 millimeters, the product cut taken between 250 microns and 3.3 
millimeters. The sieving yield was greater than 90 percent recovered, and we have been able 
to run at a flow rate of 100-150 lb./hr.  
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Figure 46: Sieved Bagasse Feedstock – Broad Size Cut 

 

Source: Edeniq, Inc. 

Material depicted in Figure 47 has been run consistently for downstream testing with the 
oversize set at 750 microns, the product between 250 microns and 750 microns. The sieving 
yield was greater than 90 percent recovered (utilizing the hammer mill to size and recycle 
oversized material), and we have been able to run at a flow rate of 50 lb./hr. 
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Figure 47: Sieved Bagasse Feedstock – Narrow Size Cut 

 

Source: Edeniq, Inc. 

Material depicted in Figure 48, the fine material (rejects) have come out at a size of less than 
250 microns with less than 10 percent yield loss. 

Figure 48: Sieved Bagasse Feedstock – Rejected Fines 
 

 

Source: Edeniq, Inc. 
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2.3.7.2. Results for Mixing, Hydration, And Dispersion (MHD) 

The major issue so far with the MHD testing for bagasse has been the difficulty of getting a 
consistent flow of bagasse into the MHD. The following is an overview of the testing results for 
feeding the MHD. 

Requirements for Feeding: 

• A consistent, positive motive force is needed to convey the material. 
• Bridging problems in hoppers, cones and funnels have shown that the use of a bridge 

breaker will be required to keep constant feed to auger. We have seen bridging in feed 
systems up to the diameter of a 55-gallon drum. 
o The particle size range of the feedstock material impacts the bridging capability of 

the bagasse feedstock. 
o The moisture content also impacts how readily the material will bridge. 

• Any type of reduction in pipe size needs to be met with a volumetric feed rate control 
strategy at the point of the reduction. As an example, if an 8” pipe reduced down to 4”, 
you must have a variable flight auger to accomplish this. This auger would have tighter 
flight pitch on the larger ID, and the flight pitch would increase as the auger OD (and 
pipe ID) reduce - thereby moving the same volume per rotation. 

• Flexible screw augers can be used to convey material but can still have binding issues in 
archways. 

Observations of Failures/Lessons Learned 

1. The bagasse density is prohibitively light, resisting inertial or gravitational forces to 
convey it in piping under eight inches in diameter. 

2. Reducers are prime areas for bridging and dewatering difficulties. 
3. Attempting to utilize an auger screw smaller than 8” also necessitates the use of 

reducers. 
4. Reducers must have active internal augers properly designed such that bridging cannot 

occur. 
5. Blowers have limited success moving material when air cannot fully disengage. 
6. Lobe pumps can work, but modified internal geometry is important to eliminate 

reducing areas or cavities. 
7. Hoppers must be agitated at very bottom, within close proximity of live auger. Any 

areas not “fluidized” will begin to bridge and starve the live bottom auger. 
When running a flexible screw faster (so that it does not bind), increased new water into the 
MHD is required. Doing this, however, generates more resistance inside the MHD head itself, 
and in combination with the force of the live centered cone feeding the machine, the resultant 
net effect is a compression event on the incoming material. This then results in squeezing the 
water out of the material and causing a plug on the inlet of the MHD, shown in Figure 49. 
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Figure 49: Plugging as a Result of Inlet Dewatering 

 

Source: Edeniq, Inc. 

We have seen that if the outlet of the flexible screw conveyer is obstructed in any way, the 
auger will create a solidly bound plug atop its housing box. This occurred when the barrel we 
were flowing into on the outlet reached a level where the outlet shoot of the flexible screw 
conveyer was actually obstructed. The material still conveying up the auger continued, but 
with nowhere to go, started compressing until a solid plug was formed and bound up the 
auger from turning. 

Hoppers must be agitated at very bottom, within close proximity of live auger. Any areas not 
“fluidized” could also lead to archway binding. (An example of this archway binding is shown in 
Figure 50. The plug is on the left side of the opening at the end of the auger. This view is from 
the top of the hopper. The hopper has a very steep angle of repose on the left size, and a 
much lower angle of repose on the right. The auger is moving material to the right and 
upward. The auger diameter is approximately 2”.) 
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Figure 50: Example of Hopper Archway Binding Limitation 

 

Source: Edeniq, Inc. 

Additionally, we have encountered cases with the flexible screw auger that if run slow enough, 
side binding of the auger alone will stop the auger from turning; shown in Figure 51. This view 
is from the top of the hopper, with the auger moving material to the right and upward. 

Figure 51: Side Binding of a Feed Auger 

 

Source: Edeniq, Inc. 
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In summary of the implications from this section: in some cases, the material simply appears 
to be too long. Due to the upstream screening process employed, particles can still exhibit 
long lengths. These particles are typically susceptible to bridging/binding events. 

Going forward, the major direction of remediating these limitations will be the design and 
implementation of a live bottom hopper capability. Aspects addressed in the design of this 
capability include the following: this validates/proves a couple things which we took into 
consideration for the live bottom hopper design: 

a. A live (agitated) bottom is necessary for the hopper, as we see with the horizontal 
mixer. Without it, bridging occurs upstream of the auger, thereby starving it and halting 
feedstock flow. 

b. An auger is an accurate way of volumetrically metering solids feed into the MHD. 
c. An auger is capable of pushing these solids, even at high pressures if required. 
d. A variable pitch auger is required for pipe internal diameter changes and any nozzle-like 

geometries. 
e. Gravity feed is not sufficient into the MHD. Feed must be force fed at a pressure greater 

than any opposing forces, which is especially critical in low-density feedstock situations. 
Results of MHD operation 

Due to the above issues with feeding the MHD, limited data has been attained to date for the 
actual operation of the MHD. Some of the issues (and learnings) met so far are as follows: 

The MHD is has had limited effectiveness in wetting/hydrating material - likely due to particles 
being too large, which in turn has several effects: 

a. Increases chances of bridging. 
b. Decreased surface area for hydration. 
c. Exposed surfaces of larger particles are typically where higher waxy material content 

exists. Larger particles tend to be “coated” with this wax, which is hydrophobic. Our 
current thinking is to minimize particle size by shearing these larger particles that will 
increase the wettable areas (areas newly sliced that have lower waxy content). 

d. Speeds of the auger feed system and the MHD need to be matched very closely, to not 
increase the plugging opportunities of the process. 

2.3.7.3 Results for Sizing and Homogenization 

a. Tests were conducted using bagasse from two different suppliers. 
b. Tests were conducted with multiple gap settings that impact the particle size and how 

much shearing takes place. 
c. The first six runs have been successful up to 8 percent solids, with no issues for 

pumping or the Cellunator. The one run that was taken to a higher solids level 
eventually plugged in the feed cavity of the Continental positive displacement pump. 
The solids level was at 11.2 percent before the pump stopped. The gap setting was set 
at 1.122 and all of the way open. The Cellunator was operating fine at this solid 
percentage. The material had been re-circulated for 6 hours at the time of the plug. 
The material did get run as a lab saccharification and resulted in very poor results. 
Subject matter experts believe the poor saccharification was due to the overall loop 
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temperature and the very large residence time the material was exposed to the heat, 
pump and Cellunator. 

d. Lessons Learned in MK processing 
i. The MK device should always be running at or near full power. Slowing the MK 

makes clogs more likely as tip speed is insufficient at slower speeds. 
ii. Gap settings are the amount of radial distance between the rotor and stator in the 

MK head. 
iii. Gap settings of 0.208mm and 0.416mm on the MK resulted in clogs. Gap of 

0.416mm did work once or twice under certain conditions but will likely be 
insufficient for commercial viability. 

iv. Gap settings of 0.832mm and 1.247mm are workable and most likely a target range 
for commercial operations. Pending lab data and future testing, our target will likely 
be in this range. 

v. Particle Size data (limited at this point) has indicated similar particle size reduction 
to HPHT and flash after going through Cellunator at gaps as large as 1.247mm. 

vi. MK colloidal samples show visual changes depending on inlet sample. When samples 
are pre-hydrated, higher percent-solids slurries are processable through the MK. The 
sample rheology also looks better, as smaller particle size is evident. When material 
going into the Cellunator is visually drier (non-hydrated), the effectiveness of 
processing is reduced. 

vii. Plugging also occurs if material is not pre-hydrated, as dewatered solids remain on 
inlet end and bridge creating a dense plug which stops inlet flow. 

viii. Hydrated inlet samples are key to successful processing and creating good 
homogenous discharge material. 

2.3.7.4 Results for High Pressure Conveyance 

a. Results for this objective are limited to date due to the concerted efforts to solve first 
three objectives. Pumps with a design pressure of over 200 pounds per square inch are 
currently being reviewed for procurement and testing in the next few months. 

b. Lessons Learned from Tuthill Lobe Pump pumping slurry: 
i. This list is a collection of observations throughout the course of testing using a 

Tuthill Lobe pump and a MK20 Cellunator: 
ii. The lobe pump can pump high solids bagasse. The hard part is feeding the pump 

without bridging at the pump inlet. 
iii. No 90-degree corners in piping (large sweeping bends or 45-degree bends only). 
iv. No Tee connections (Wye connections are more effective). 
v. When pumping to another unit make sure to match pump flow rate and Cellunator 

throughput flow rate. 
2.3.8 Future Work 

1. Feedstock Processing and Sizing 
a. Continue testing of equipment for flows, yields at different particle size distributions. 
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b. Provide multiple particle material for downstream testing in Cellunator and 
pretreatment. 

c. Compare results of sizing with material being generated by alternative, integrated 
feedstock processing and sizing systems. 

d. Consider utilization of a crusher instead of hammer mill for crushing and shredding 
of fibers instead of hammering. 

2. Mixing, hydration, and dispersion 
a. Continue Testing of equipment with bagasse and a live bottom hopper to provide 

consistent pressure to feed into the MHD. 
3. Sizing and homogenization 

a. Continue testing of equipment with bagasse, including the use of a different feed 
pump to get higher solids levels 

b. Incorporate in Continuous Sugars Plant 
c. Test in continuous mode with pretreatment 

4. High pressure conveyance 
a. Continue Testing of equipment with bagasse and a multistage progressive cavity 

pump to get up to 200 lbs. per square inch gauge. 
b. Incorporate in Continuous Sugars Plant 
c. Test in continuous mode with pretreatment 

Testing will continue as further improvements are made to the Continuous Sugars Pilot Plant – 
likely through 3Q 2014. These systems for preprocessing will be commissioned and integrated 
into the biorefinery system after this base lining study.
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Appendix E: 
Report on Equipment Development 

2.4 Equipment Development and Optimization - Hydrolysis 
2.4.1 Background and Motivation 
One of the key steps of the process for making cellulosic sugars is saccharification. During 
saccharification, enzymes convert the insoluble and unfermentable cellulose and hemicellulose 
into soluble and fermentable glucose and xylose sugars. Traditionally, this has been performed 
as a batch process using stirred tank reaction vessels. This approach was performed in the 
corn to cellulose migration plant that Edeniq has previously operated in Visalia. However, there 
are several issues with using batch stirred tank processes. First, the capital costs of a batch 
system are higher because of the need for larger systems due to the process time lost during 
the filling and emptying of process vessels. Additionally, the sugar concentration or volumetric 
productivity of batch stirred tank systems is limited because the solids loading into the batch 
system is limited to approximately 18 percent due to heavy slurry conveyance issues and mass 
transfer limitations of heavy slurries in stirred tanks. 

Incorporated after the saccharification step of the process are the solids liquid separations 
steps, which are a key to cellulosic sugar production. The separation of the large, undissolved 
solids from the liquid containing the dissolved sugars is necessary to permit effective 
fermentation and enable water recycle. The CCM system used a batch setup using a vibrating 
sieve and tangential flow filtration (TFF) systems to perform these functions for water recycle. 
In the new system design, these solid liquid separation steps are intimately coupled with the 
saccharification steps to increase the reaction efficiency as described below. 

In the modified system, a saccharification will occur in a series of augers, which are at the 
appropriate process conditions (pH, temperature, etc.) for optimal sugar production. The use 
of augers in a continuous process circumvents the high capital costs of batch vessels and the 
energy requirements of agitators capable of mixing the bulk solids. Unlike a batch process, 
where the two phases are mixed, the continuous auger system allows for countercurrent flow 
of the insoluble solids and sugar-rich liquor. The augers are mounted at an incline so that the 
bagasse hydrolysate enters at the lowest point and exits at the highest. The auger blades push 
the unconverted cellulose up the shaft, while the liquor stream flows back down to the low 
end. By adjusting the angle of the auger system, the solids level in the system can be 
controlled to the desired level. The hydrolysate liquor that passes through a screen at the 
auger’s base is then sent to a TFF unit. Use of the TFF is highly advantageous for both 
saccharification and fermentation. The sugar stream can be sent directly to fermentation 
without unfermentable solids taking up volume in the fermentation system. Additionally, the 
system permits the option to further concentrate the sugars using reverse osmosis or 
evaporation. The capital and operating expenses associated with fermentation and 
downstream processing are lower for a soluble sugar stream because the solids free stream 
requires smaller process equipment and less energy consumption for agitation, pumping, and 
distillation. Continuous removal of the sugars in solution improves saccharification by 
eliminating product inhibition on the enzymes, sustaining high enzymatic activity. This both 
improves overall sugar yield and shortens saccharification time, which is targeted at 24 hours. 
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Enzymes can be recycled and added back to the system as an alternative to fresh enzyme, 
reducing the effective enzyme cost per gallon of ethanol. Enzyme and water removed with the 
sugar liquor can be added back to each of the augers via addition ports, meaning that 
saccharification parameters can be tailored to the condition of the bagasse hydrolysate at each 
stage. Therefore, the enzyme type, enzyme dosing, and enzyme recycle, as well as 
hydrolysate residence time, pH, and temperature can be optimized for each part of the 
hydrolysis system. After the majority of the cellulose has been converted to sugars, the 
remaining lignin and ash from the final auger are sent to the solids/liquids separation system. 

The solid/liquid separation system is the last stage of processing for the unhydrolyzed lignin 
and ash left over at the end of saccharification. The solids slurry exits the saccharification 
augers and enters a SWECO vibrating sieve. The insoluble solids are caught in the sieve while 
the sugar liquor is allowed to pass through the fine mesh. The sieved solids are fed into a 
screw press that further dewaters the solids cake to less than 60 percent moisture. The lignin 
cake can be burned as fuel in the plant’s boiler. The sugar-containing pressate from the screw 
press is combined with the liquor filtrate from the sieve and sent forward to the fermentation. 

This report details the design and testing of the individual unit operations that make up the 
hydrolysis and solid liquid separation processes. It also provides information on initial 
commissioning tests that were performed with all the unit operations together. The goals of 
these tests were to demonstrate operability and set a baseline for longer steady – state 
optimization experiments. 

2.4.2 Objectives 

• Develop advanced custom equipment for hydrolysis that is capable of continuous 
operation and delivering performance enhancements in terms of processing speed (i.e., 
reduced residence time) and conversion. 

• Develop equipment to enable improved liquid-solids separations. 
• Prepare and submit a report on equipment development / optimization – hydrolysis that 

describes the equipment modifications to the hydrolysis equipment and the liquid-solid 
separation equipment and the expected / initial performance results of the modified 
equipment. 

2.4.3 Development of Equipment for Hydrolysis 
2.4.3.1 Continuous Hydrolysis Equipment Development 

The auger system has several advantages over the use of a stirred tank. First, the augers are 
able to continuously move solids from one end of the auger to the other. This configuration is 
good for continuous operation. Second, the augers are designed to handle high viscosity 
slurries. Therefore, it is expected that the auger system will be able to meet the solid loading 
objectives while providing enough mixing and mass transfer to achieve high saccharification 
rates. Third, the auger system can be integrated to a solid liquid separations system 
containing a vibrating sieve and TFF system to meet our particle removal specification, remove 
inhibitory sugar produce, and recycle active enzymes. 

The hydrolysis system developed and tested consists of five augers. The first auger, pictured 
in Figure 52, is referred to as the mix auger. The purpose of this auger is to provide a place in 
the system to mix chemicals and enzymes with pretreated biomass. The mix auger has an 
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open ribbon auger design, which was selected to maximize the mixing capability in the auger. 
The mix auger had a heated jacket to maintain the proper temperature for hydrolysis. 

The remaining four augers are referred to the saccharification augers and are identical in 
design. A schematic of one of these augers is shown in Figure 53. Each of the saccharification 
augers is a U-trough auger. They contain a screen or wedge wire at one end to permit liquid 
removal. This liquid removal is the first step in the solid liquid separation. The saccharification 
augers have a heated jacket to maintain the proper temperature for hydrolysis. The solids are 
fed into the augers at one end of the auger through a port in the top of the auger. They are 
conveyed through the auger and exit the auger via a port on the auger bottom. The liquid can 
be added to the auger through a port on the top of the auger on the same end that the solids 
exit the auger. The liquid travels through the auger and exit out the wedge wire or screen that 
is on the on the auger bottom on the same side as the solids are added. By operating in this 
fashion, the auger has a counter-current wash associated with it. To aid in liquid removal from 
the auger, the auger can be tilted at a 0 to 10° angle. By controlling the liquid addition and 
removal, the solids concentration in the saccharification augers can be controlled. Additionally, 
the solids can be recycled back through the augers to permit additional residence time in the 
system. 

2.4.3.2 Development and Testing of Solid Liquid Separation Equipment 

In order to meet the objective of a commercial continuous sugar process with sugarcane 
bagasse, demonstration of solid liquid separation was required at the pilot scale. This liquid- 
solid separation is required separation for the downstream liquid separation process to operate 
at peak performance by providing a high quality, particle sugar stream for either fermentation, 
catalytic conversion, or other process. A vibrating sieve manufactured by SWECO (Florence, 
KY) was a good candidate for liquid-solid separation due to the ability to solve many of the 
process objectives decided by the engineering team. These objectives included i) the ability to 
recycle unreacted solids back through saccharification to increase overall conversion ii) 
separate sugars from saccharification stream with minimal residual solids, iii) ability to 
separate lignin rich solids for use in co-generation, and iv) effectiveness of equipment for 
separation sugars, solids, enzymes and additives. The vibrating screen can separate solids 
from liquids or segregate dry materials into various sizes by incorporating up to 4 screen decks 
in one vibrating screen separator. No special flooring or foundation is needed, and less 
working floor space is required. Simple and efficient design requires less horsepower along 
with long screen life and ease with which screens may be changed. 
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Figure 52: Mixing Auger in the Hydrolysis System. 

 

Source: Edeniq, Inc. 

Figure 53: Graphical Depiction of a Saccharification Auger 

 

Source: Edeniq, Inc. 

The SWECO separator is a vibratory screening device that vibrates about its center of mass. 
Figure 54 provides a picture of the SWECO vibratory screen in the pilot plant. Vibration is 
accomplished by eccentric weights on the upper and lower ends of the motion-generator shaft. 
Rotation of the top weight creates vibration in the horizontal place, which causes material to 
move across the screen cloth to the periphery. The lower weight acts to tilt the machine, 
causing vibration in the vertical and tangential planes. The angel of lead given the lower 
weight with relation to the upper weight provides variable control of the spiral screening 
pattern. Speed and spiral pattern of material travel over the screen cloth can be set by 
operator for maximum throughput and screening efficiency of any liquid-solid product. 
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Figure 54: SWECO Vibrating Screen in the Edeniq Pilot Plant.

 

Source: Edeniq, Inc.
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Table 15 shows summary data of the SWECO vibrating sieve using different sizes. The 25 inch 
in column refers to the diameter of the screen tested.  

Table 15: SWECO Vibrating Sieve Data

 

Source: Edeniq, Inc.  

Initially, during the CCM plant process, the process team decided to use a single deck 104-
micron screen for the solid-liquid separation process. This process enabled enough solid-liquid 
separation process for good separation based on particle size analysis and uptime on 
downstream processes. After the process change with the CSP Plant, further separation was 
needed during the solid-liquid separation along with higher efficiency and higher throughput. 
Pilot plant testing was completed to see the liquid separation efficiency and potential 
throughput for different screen sizes long with the potential double decking impact. 

Tests were designed for the 25-inch diameter screens to measure their performance using 104 
µm, 74 µm, 25 µm, and a double-decker set up where the 74 µm acts as an initial screen 
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followed by the 25 µm screen. Important parameters that were measured included the 
through put (weight processes per min) and separation efficiency. The separation efficiency 
was measured using two parameters. Total solids analysis was used to measure the total 
quantity of solids that went through the sieve. The goal was to have a high throughput while 
removing the majority of solids.  

Figure 55 shows the time in minutes for the vibrating sieve to process a test batch. The 
diameter of the screen is the first number and the mesh size opening is the second number. 
The 74/25 µ label indicates that the 74 µm sieve was placed above the 25 µm screen in a two-
deck configuration. 

Figure 55: Batch Processing Time 

 

Source: Edeniq, Inc. 

Figure 56 shows the solids concentration in percent for the liquid phase produced by running a 
test batch on the vibrating sieve.  
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Figure 56: Concentrations of Solids During Liquid Phase 

 

Source: Edeniq, Inc.  

Figure 57 shows the solids concentration in percent for the solids phase produced by running a 
test batch on the vibrating sieve. 

Figure 57: Concentrations of Solids During Solids Phase 

 

Source: Edeniq, Inc.
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A summary of the data from these tests is shown in Table 15. The first analysis completed was 
looking at the time it took to process a batch. As expected, the larger the screen openings, the 
faster the batch processed with the 104 µm screen processing the batch in 2 minutes and 8 
seconds faster than the smallest 25 µm screen. Of note is that the double decker set up 
processed the batch at roughly the same speed as the larger screen size alone. This likely 
indicates that the first screen is the rate limiting step to the screening process. 

The next steps were to look at the percent solids remaining in the solids and liquid fractions. 
The goal in this analysis was to maximize the solids in the solid fraction and minimize the 
solids in the liquid fraction. Figures 56 and 57 show the percent solids measured in the liquid 
phase and solids phase, respectively. As expected, the smaller the screen opening, the lower 
the solids content in the liquid stream. However, the double decker set up was able to remove 
the most solids. This outperformance of even the single 25 µm screen is likely due to the lower 
25 µm screen having a higher efficiency after the 74 µm screen removed a large fraction of 
the solids. The double decker screening system also performed very well with concentrating 
the solids having the highest solids. 

Based on the data collected from the SWECO screen testing, CCM SWECO operational 
experience and downstream inlet target specification, the engineering team determined that a 
double decking SWECO screen configuration with a 25µ screen on the bottom was the best for 
increased solid-liquid separation efficiency, smaller particle sizes to the downstream processes, 
and higher uptime compared to the 25µm screen alone. 

2.4.3.3 Development of The Tangential Flow Filtration Operation 

An important feature of the continuous hydrolysis system is the close coupling of the TFF to 
the saccharification and solid liquid separation. The TFF accomplishes three critical functions: 

1. The TFF separates the sugars stream from the reaction mixture in saccharification. 
Because sugar is known to inhibit the forward reaction, this removal increases the 
reaction rate in the auger system when compared to a batch system. 

2. It separates and removes particles from the sugar product stream heading to 
fermentation. This decreases the volume of material going to fermentation and 
distillation, which increases the efficiency of these unit operations. 

3. It concentrates the glucan and enzymes which can be recycled back into the reaction 
vessel. By operating in this fashion, the overall enzyme dosing is lessened with the yield 
maintained, or the yield increased when compared to a batch system. Both of these 
changes result in a more economic process. 

TFF is a separation process in which a liquid or suspension flows tangentially across the 
surface of a porous membrane. Pressure is applied to the fluid in order to force some of it 
through the filter membrane. Depending on the membrane pore size, any macromolecules or 
suspended particles that are too large to pass through the pores are retained. The tangential 
flow characteristic helps prevent this material from accumulating on the membrane surface, 
enabling sustained flux throughout filtration cycles. 

Initial scale down testing was performed to characterize the membrane ability to separate 
sugar product from the active enzymes and select the ideal membrane to use for the testing. 
These scale down tests were performed using OptiSep® 1000 manufactured by SmartFlow 
Technologies (Apex, NC) holder attached to a PuroSep® benchtop TFF system. The system 
includes a single recirculation loop wherein filtrate is pumped between a 2-liter filtrate tank 
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and the TFF module. Filtrate tank drains into the 1HP piston pump, which has a maximum 
working flow rate of 16LPM at 10psi backpressure. The flow rate is controlled by an analog dial 
on the control box. There is a sample port, thermocouple, and flow meter in-line between the 
pump outlet and the filter inlet. Pressure transducers at the inlet and outlet of the module 
provide pressure readings and transmembrane pressure. A ball valve downstream of the 
module is used to restrict outlet flow in order to exert backpressure on the membrane. The 
instrumentation allows operators to track key performance metrics for the tangential flow 
filtration, including inlet and outlet pressure, flow rate, and temperature. Transmembrane 
pressure (in this case, the average of the inlet and outlet pressures) is also calculated. These 
parameters are tracked on a strip chart displayed on a Honeywell HMI. System controls 
include an ON/OFF switch for the pump, pump speed dial, backpressure valve, and an 
emergency shutoff for the pump. Two modules containing polyethylsulfone membranes were 
tested. One module had a 20 kDa nominal pore size membrane while the other module had a 
150 kDa nominal pore size membrane. 

Figure 58 shows a small-scale tangential flow filtration system manufactured by SmartFlow 
Technologies that was used for small scale testing of tangential flow filtration modules. 

Figure 58: SmartFlow Scale Tangential Flow Filtration System 

 

Source: Edeniq, Inc.  

Scale down tests were performed on hydrolysate from the saccharification augers that was 
passed through a 43µm screen to simulate the vibrating sieve on the large-scale system. The 
hydrolysate was concentrated to a 2X concentration. Then the concentrate and permeate (i.e. 
– the material that passed through the membrane) were transferred to shake flask for 24 
hours to measure additional sugar production due to continued enzymatic activity. Control 
flasks only contained the starting material, concentrate, or permeate. To further measure 
enzyme activity Avicel and solka floc were added to flasks. Avicel and solka floc are both 
artificial substrates that are less complex than cellulosic biomass. Solka floc is a simple 
substrate containing over 90 percent glucan; the remaining mass is xylan. Avicel is a pure 
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substrate containing over 99 percent cellulose. Both substrates are more easily digested by 
cellulases than corn stover (or any other biomass), making them suitable gauges of enzymatic 
activity. 

Figure 59 illustrates the results from the tangential flow filtration concentration experiment. As 
Figure 59 illustrates, the shake flasks containing the permeate from the 20 kDa membrane 
generated no sugar, which indicates that no enzymes passed into this stream. The permeate 
for the 150 kDa membrane indicated a small bit of sugar generation, but it was a fraction of 
the control sugar generation, which indicates that only a fraction of the enzymes passed 
through the 150 kDa membrane. 

When the shake flasks containing the concentrates from the 20 kDa and 150 kDa membrane 
and the avicel or solka flock are exam, the sugar generated is higher in the all the concentrate 
flasks. This higher sugar generation indicates that the enzymes are concentrated in the 
tangential flow filtration and that the enzymes retain their activity when processed in the 
tangential flow filtration. 

Figure 59: Glucose Generation 

 

Source: Edeniq, Inc. 

Glucose generation after 24 hours of saccharification in shake flasks from the tangential flow 
filtration concentrate and permeate. Data from a concentration performed using a 20kDa and 
150 kDa membranes made with polyethersulfone are shown. The control set was batched into 
shake flasks without any added substrate. Other shake flasks had avicel and solka floc added 
to provide a further measure of enzyme activity. 

Based upon its similar or slightly greater enzyme activity and its higher flux rate, the 150 kDa 
membrane was selected as the initial membrane for scale up and integration with the pilot 
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scale hydrolysis system. Figure 60 illustrates a picture of the large-scale tangential flow 
filtration system that is planned to be integrated and tested with the auger system. 

Figure 60: Large Scale Tangential Flow Filtration System 

 

Source: Edeniq, Inc.  

2.4.3.4 Testing of an Integrated System with the Hydrolysis and Solid Liquid 
Separation System 

2.4.3.4.1 Introduction 

The purposes of these tests were to test the auger hydrolysis system integrated with the solid 
liquid separation system and TFF system. These tests were designed to be short (up to 12 
hours), which is shorter than the time needed to reach equilibrium performance. Additionally, 
the focus of these tests was operability rather than overall system conversion. Of particular 
interest were the solids levels in the hydrolysis auger system and the sugars produced by the 
hydrolysis system. These tests were set up to provide a baseline of operation to enable longer 
runs that would reach steady state operation. It is anticipated that additional optimization 
would occur during these steady state runs. 

2.4.3.4.2 Materials and Methods 

The material for these 4 runs was pretreated in the CCM plant and transferred in 55-gallon 
drums to the auger system. Samples from each barrel were combined and the solids of this 
combination were measured 3 times. The average of these three measurements was assumed 
to be representative of the average total solids in all the drums. The CCM target for the 
batches was 16 percent solids. Additionally, the enzyme dosing was based upon the measured 



 

  E-13  

solids value and the 16 percent target. The D bag was used for run 10 while the G bag was 
used for the remaining runs (11-13). All runs were dosed with 20 percent Trio with respect to 
glucan. A mass balance was performed at the final time point for each auger run to determine 
the yield. Additionally, a full mass balance was performed on run 13 at t = 8 hours. This result 
was compared to the t = 0 time point from the CCM plant. Note that the mass balance 
assumed that the mass that had not left the auger system was equally distributed in all four 
augers. The augers were insulated and had 67 °C heating water recirculating around each 
auger in a jacket. The temperatures inside the auger were typically measured to be 45 to 50 
°C with 50°C as the target. Figure 61 is a representation of the set up for the final run, run 13. 
In run 13, sections 5 and 6 of Figure 59 were tested. 

During the runs 10 through 13, several additional unit operations were brought in with the 
augers. A pumping system was set up to pump the liquid coming out of the augers into a 
collection tank. The liquid was then pumped back into the augers. Manual values permit the 
dosing of the liquid into any or all of the augers. From the auger, the liquid was run through a 
vibrating screen (SWECO). The solids that did not pass through the screen were rejected back 
into the auger system. The liquid was sent to a TFF system. In the TFF system, a 0.9 m2 
module containing a 150 kDa polyether sulfone membrane was utilized. The retentate was 
periodically recycled back into the auger system while the permeate was removed from the 
system. 

Figure 61 shows a process flow diagram of Edeniq’s hydrolysis and sugar separation system. 
The system tested in section 2.4.3.4 contained sections 5 and 6 of Figure 61. 

Figure 61: Diagram of Edeniq’s Hydrolysis and Sugar Separation System 

Source: Edeniq, Inc. 
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2.4.3.4.3 Results / Discussion 

Table 16 provides a summary of the runs including operating conditions, C5 and C6 sugars 
produced by weight, C5 and C6 final sugar concentration in the auger, and C5 and C6 yield. 
The solids in the system were controlled by the recycle water strategy. Figure 62 displays the 
solids in the auger during each of the runs. It was found that the auger system could remove 
enough water through the mesh at the bottom of the auger that solids concentration between 
22 percent and 25 percent were present in the auger during the saccharification. Therefore, it 
is reasonable to assume that with further optimization a solids feed of 25 percent to 30 
percent solids could be saccharified in the auger system. 
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Table 16 shows data from testing the hydrolysis and solids separation system. For comparison, 
historical data from the CCM in batch tanks is also provided. 

Table 16: Hydrolysis and Solids Separation System Test Data 

  
Run 10 

 
Run 11 

 
Run 12 

 
Run 13 

CCM Run 177 
t = 0 t = 24 

CCM Run 187 
t = 0 t = 24 

Load (kg) 575 574 547 1157   

Run Time (h) 10 10 10 12   

Load Time (h) 3 3 1.75 4   

kg C6 9.7 11.5 11.6 23.6   

Final auger C6 
conc (%) 

1.9 2.4 2.3 2.2 1.54 2.58 1.84 2.73 

C6 Yield 40.4 38.2 37 37.3 29.02 48.6 33.8 50.1 

kg C5 8.5 10.8 10.7 22.1   

Final auger C5 
conc (%) 

1.5 2 2 2 1.33 1.71 1.47 1.76 

C5 Yield 67.8 83.2 80.7 82.7 52.01 68.99 55.9 69.4 

Feed Solids 14.1 15.8 17.3 16.5   

Feed Stock D G G G G  G G  G 

Enzyme Dosing 20% 
Trio 

20% 
Trio 

20% 
Trio 

20% Trio 20%   20%  
Trio    Trio 

20%   20%  
Trio    Trio 

TFF 
Liquid Recycle 

No 3 
only 

Yes  
Yes 

No Yes Yes  
Yes 

  

kg C6 @ t = 8    18.8   

Auger C6 % @ t = 
8 

   1.67   

C6 Yield @ t = 8    29.7   

kg C5 @ t = 8    19.96   

Auger C5 % @ t = 
8 

   1.74   

C5 Yield @ t = 8    74.9   

Source: Edeniq, Inc. 

 
  



 

  E-16  

Figure 63 illustrates the glucose and xylose concentrations in the augers during run 12. As the 
Figure illustrates, the sugar concentration in all 4 augers were similar, which is likely due to 
the recycle that was performed. Therefore, the system should begin to act like a CSTR when 
equilibrium is reached. Therefore, continuous stirred tank reactor kinetic models can be used 
to predict behavior in the auger system. Additionally, the assumption that was made that all 
the mass was equally distributed in the 4 fours is valid because the sugar concentrations are 
basically the same in all four augers. Table 16 illustrates the yields after 10 or 12 hours of 
running time in the auger system. The yields were fairly consistent with values between 37 
and 40 percent for glucose. The xylose yields were much higher with values of 68 percent to 
83 percent in the same 10 to 12 hours of run time. 

Figure 62: Solids as a Function of Saccharification Time 

 

Source: Edeniq, Inc. 

In order to look at the CCM as a comparison, the yield was calculated for the auger system at t 
= 8, which is an average residence time of 6 hours in the auger system. This should be 
directly comparable to the CCM plant at saccharification time =0. It was found that the C6 
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yield was 30 percent at this point in the run in the auger system. This was between the two 
yields (29 percent and 34 percent) seen in the CCM runs 177 and 187 that were randomly 
chosen for comparison. Therefore, it appears that the C6 yield is running at about the same 
speed over the first few hours as was seen in the CCM plant. The C5 yield was much higher in 
the auger system at 75 percent after 8 hours. In comparison, the CCM values were 52 percent 
and 56 percent for runs 177 and 187, respectively. The 24-hour yields in the CCM plant were 
69 percent for both analyzed runs. Therefore, the C5 yield was already higher in 8 hours in the 
auger than it was after a 24 h saccharification in the CCM. Therefore, the auger system shows 
the ability to have faster kinetics than the CCM. Possibly by changing the operating 
temperature or customizing the enzyme cocktail the C6 reaction kinetics may be optimized 
have the reaction time decrease quickly. 

Figure 63: Glucose and Xylose Concentrations in Run 12

 

Source: Edeniq, Inc. 
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2.4.3.4.4 Conclusions 

The auger systems were operated for 10 to 12 hour runs. The enzyme loading was set at 20 
percent Trio with respect to glucan in the system. It was found that the C6 yield was 30 
percent after 8 hours in the auger and between 37 and 40 percent after 10 to 12 hours in the 
auger (depending upon the run). In comparison the initial saccharification values for CCM were 
29 percent and 34 percent in two analyzed runs. Therefore, the current kinetics of the auger 
system appears to be in line with the kinetics of the CCM for C6. It was found that the C5 yield 
was 75 percent after 8 hours in the auger and between 67 and 83 percent after 10 to 12 hours 
in the auger (depending upon the run). In comparison the initial saccharification values for 
CCM were 52 percent and 56 percent in two analyzed runs. In fact, the 24-hour C5 yield was 
only 69 percent for the CCM run that were 

analyzed. Therefore, the current kinetics of the auger system appear to be much faster than 
the kinetics of the CCM for C5 conversion. This fact suggests that the auger system has the 
potential to deliver faster C6 reaction kinetics than the CCM plant currently delivers. Finally, 
the solids in the augers were controlled between 22 and 25 percent for multiple runs. This 
suggests that the auger system should currently be able to operate with a feed in this range 
and has the potential to run with even higher solids in the feed. 

2.4.4 Report Summary 
In this report, the development work needed to convert from a batch hydrolysis system to a 
continuous hydrolysis system is detailed. The key advantages that motivated this change 
were: i.) the decreased capital cost of continuous system, ii.) the ability to remove inhibitory 
sugar products from the reaction vessel to increase reaction rates, and iii) the ability to recycle 
enzymes to decrease the operational expenses of the system. In order to achieve a continuous 
system, development on the saccharification vessels, solid liquid separation, and TFF were 
performed. The saccharification vessels were redesigned from batch, stirred tanks to a 
continuous auger design. The augers have the ability to perform continuous processing at 
higher solids than the stirred tanks, which greatly increase the volumetric productivity of the 
system. Additionally, work was performed to optimize the solid liquid separation using a 
SWECO vibrating sieve. Liquid with the course solids removed was fed into a bench scale TFF 
unit to characterize several small-scale membranes. Based upon the data from testing the 
individual unit operations, the system was combined for some short duration operability tests. 
These tests indicated that the system could be controlled and was ready for steady state runs 
and further optimization testing.
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Appendix F: 
Biorefinery Demonstration Report 

3.0 Initial Biorefinery Demonstration Runs Operations Report 
3.1 Background/Introduction  
Several issues must be solved to make cellulosic ethanol production economic. Some of these 
problems include: 

1. Continuous operation– Pretreatment and saccharification are both performed in batch in 
the CCM facility. Transitioning to continuous processing will increase product 
throughput. The saccharification team will have to look at transferring the batch 
saccharification that was run in the CCM into a continuous system. Later transition of 
the whole system, and incorporation of new equipment for preprocessing and 
pretreatment, will be pursued in additional Campaign Plans to follow this work. 

2. Enzyme cost – For the cellulosic ethanol industry, the enzyme cost is the main driver of 
operating costs. In order to minimize the enzyme cost, the reactor system has several 
variables that can be optimized. These include the use of enzyme recycle, different 
enzyme dosing strategies, and the use of additives. These parameters need to be 
“baselined” in initial trials to enable optimization comparisons after equipment and 
protocol upgrades are incorporated. 

3. Sugar concentration/Volumetric productivity – Corn ethanol plants operate at 35 
percent solids, while Edeniq’s efforts with cellulosic ethanol have been limited to 
approximately 18 percent due to heavy slurry conveyance issues. One baseline goal of 
the system is to be able to operate efficiently at higher solids and thus produce higher 
concentrations of sugar, ultimately yielding more cellulosic ethanol. 

3.2 Objectives 
• Demonstrate continuous operation of the mixing auger, four saccharification augers, 

and sugar removal system until steady state operation has been achieved – with at 
least two prioritized feedstocks for this program. 

o Mixing Auger and Saccharification Augers from Run 218 Through 237 
o TFF and Solids Separation from Runs 220 Through 237 
o Ran corn stover from 09 May 2013 through 09 Aug 2013 
o Ran Bagasse from 01 July 2013 through 20 Dec 2013 

• Verify the methods to buffer the solution and add fresh enzymes in the mixing auger. 
Quantify flows of material into and out of the system and within each unit operation for 
each feedstock. 

o Define process for pH buffering in mix auger, control process, and data logging 
 Check Mix Auger pH by sampling Door 2 every 30 minutes during 

pretreatment (up to t=24). If measured pH is less than 6.0, add additional 
Mg(OH)2 to Door 1 of the Mix Auger using the steps below. Refer to the 
JSA for additional details and Personal Protective Equipment. 
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• Weigh 500g of Mg(OH)2 into a tri-pour container under the fume 
hood. You may need to adjust the amount of Mg(OH)2 needed based 
on the current pH. 

• Label the tri-pour and a sealable container. Place tri-pour in secondary 
container, seal it, and carry the Mg(OH)2 to the Mix Auger. 

• Place container on the scaffolding and climb ladder. 
• Pick up the sealed container. Remove lid and slowly pour Mg(OH)2 into 

the Mix Auger, evenly distributing it between each door. A dust mask 
may be required for this step. 

• Record time and quantity of Mg(OH)2 added in the Mix Auger pH Log. 
 Continue to adjust Mix Auger pH as necessary after designated sample 

times (t = 24 to 36 hours). 
o Define process for fresh enzyme addition in mix auger, process, and data logging 

 Enzyme will be loaded in 8 doses, each at 20 percent w/w glucan. The 
eight doses will be loaded into the Mix Auger at time of each pretreat 
transfer. 

 Dose enzyme into the Mix Auger Door 1 at per batch target weight (g). 
Record actual enzyme weight added (g) in the Pretreatment Log. 

o Define process for fresh enzyme split addition – mix auger and saccharification 
augers, process and data logging. 
 Enzyme will be loaded in 16 doses, each at 10 percent w/w glucan. The 

first eight doses will be loaded into the Mix Auger at time of each pretreat 
transfer. The following eight doses will be loaded into the liquor tank 
every four hours after completion of all pretreatment. 

 Dose enzyme into the Mix Auger Door 1 at per batch target weight (g). 
Record actual enzyme weight added (g) in the Pretreatment Log. 

 At t = 24 hours, dose enzyme to the Liquor Tank at per batch target 
weight (g). Record actual enzyme weight added (g) in the Enzyme 
Addition Log. Follow these steps when adding enzyme: 
• The Liquor Tank should be 1/2 full when the enzyme is added. You 

may need to stop sieving prior to enzyme addition so that the tank 
level doesn’t drop too low. 

• Close the four liquor recycle valves. Pour enzyme into Liquor Tank and 
recirculate for 5 minutes. 

• Check the fill level of Saccharification Auger 1. If there is room to add 
material, recycle enzyme-enriched liquor to Auger 1 only for 1 minute. 
Stop recycling if the auger becomes full. Repeat this step for each 
saccharification auger. 
o Note: Open the liquor recycle valve 30 percent and open the 

backpressure valve 100 percent during recycle. Check to make sure 
that liquor is flowing back into the auger, not down the outlet. Turn 
down the Variable Frequency Drive on the liquor recirculation pump 
by 5 – 10 Hz during recycle if necessary. 
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• Operate the system at 1 ton per day (on a dry basis) and high solids (target: 25 percent 
solids in the saccharification section). 
o Rate data for Runs 218 Through 237 (difference for stover versus bagasse) 
 229 =0.7 Tons per day Solids 20’s 
 235 = 0.3 Tons per day Solids 18 percent 

• Optimize system (including enzyme efficiency, auger mixing, enzyme recycle, etc.) to 
achieve a high glucose yield (target: 70 percent glucose yield with nominal/baseline 
enzyme loading). 
o Saccharification data for conversion and yield C6 and C5 

Figure 64 shows the C5 and C6 Sugar Yields for all corn stover runs. 

Figure 64: C5 and C6 Sugar Yields 

 

Source: Edeniq, Inc.  

3.3 Reports 
The following sections will be discussed as stand-alone reports 

1. Saccharification Augers – Discussing the overall plans for the Saccharification Auger 
Campaign Test Plans 

2. Liquid Separation – Sweco and Tangential Flow Filter (TFF) – Discussing the overall 
plans for the liquid separation Campaign Test Plans 

3. Initial Saccharification Auger runs and testing without the Mix Auger 
4. Initial Saccharification Runs with the Mix Auger 
5. 200 hour run with specific objectives with respect to TFF, enzyme recycle and additives 
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6. Enzyme assay work measuring enzyme activity 
7. Pretreatment work and next steps 
8. Operational wear studies 
9. Kinetic model development 

3.3.1 Saccharification Augers 
3.3.1.1 Objectives 

• To achieve the highest saccharification possible in these initial extended trials: 
o This includes C-6 (Glucose) and C-5 (Xylose) conversion. These conversions are 

aimed to be 65+ percent (glucose) and 55+ percent (xylose) in this trial using 
Enzyme A, a commercially available enzyme product. (Ultimately, CSP success 
targets glucose conversion of 70-80 percent and xylose conversion of 60-70  
percent.) 

• To minimize the time in saccharification. 
o Initial targets will be 36 hours or less with a final goal of 24 hours. 

• To coordinate pretreatment, saccharification and fermentation conditions 
3.3.1.2 Experimental Scope and Initiatives 

• Reference Conditions 
o Saccharification targets: Pilot plant runs (30-40-gal scale) at Edeniq for biomass 

processing (including saccharification process) are the reference conditions for the 
CSP saccharification scheme. Edeniq has achieved 70-75 percent C-6 conversion and 
60- 65 percent of C-5 conversion during our pilot plant operation with corn stover 
feedstock. Optimization of enzyme dosing, operational temperature and incubation 
period were all done during the pilot plant operation. 

o Inhibitor profile targets: <900 ppm furfural; <300 ppm 5-HMF; <0.7 percent acetic 
acid 

o Enzyme composition: >50 mg/ml (total protein) stock solution; commercial 
preparation of beta-glucosidase, endo- and exo-glucanases, and hemi-cellulases 

o Saccharification parameters: pH 4.5-6.5; temperature: 45°C-55°C 
o The auger system will be operated with a liquid phase draining from the auger and 

the solid phase being recycled. 
o Multiple enzyme dosing points will be tested to attempt to increase the total 

saccharification yield. 
• Specific Performance Objectives 

o To achieve the highest saccharification, this mainly includes C-6 (Glucose) and C-5 
(Xylose) conversion. Although short-term goals are closer (and more readily 
achievable), the longer-term CSP production levels are aimed to be 70-80 percent 
(glucose) and 60-70 percent (xylose) conversions. 

• Test Methods and Procedures 
o CCM/CSP saccharification tests will be done in the range of 1 PT to 42 PT batches per 

saccharification batch set. The 42 PT batches will be over a duration of 8.5 days 
(200 hour run). 
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o Enzyme batch will be tested periodically to check the quality of the enzyme during 
the period of tests using fresh sets of enzymes. Normalizing the enzyme activities, 
the saccharification tests will be stabilized. 

• Products and Intermediates (Sampling) 
o An initial biomass characterization worksheet has been developed to determine: 
 starting biomass solid percent 
 pH 
 particle size distribution 
 Starting content of key inhibitors: HMF, Furfural and acetate. 

o This will give an insight into the characteristics of pretreated biomass and will be 
repeated for each of the sampling points immediately after the samples are received. 

o Relevant data sets are entered in the spread sheets to generate the C6 and C5 
saccharification efficiency and graphical representation of the above parameters. 

• Consumables 
o During saccharification, the major consumables include: 
 Commercial enzyme preparation (currently Enzyme A) 
 Ammonium hydroxide for the pH adjustment 

o During propagation, the major consumables include: 
 Blackstrap molasses 
 Urea 
 Dry-active yeast (yEdQ622) 
 YPDC media (Lab) 
 Allpen (Antibiotic) 

o During fermentation, Allpen may be used to minimize the propensity for infection 
o Sampling 
 0.45-micron syringe filters 
 3mL Syringes 
 Microwave solids analyzer test pads 
 50mL Conical tubes 
 15mL Conical tubes 
 Transfer Pipettes 

• Instrumentation 
o High-Performance Liquid Chromatography – both for the detection of inhibitors and 

analysis of sugar contents 
o Solid analyzer to determine the solid percent of the biomass before addition of 

enzymes 
o pH meter to detect pH of the biomass 
o Particle size analyzer to analyze the particle size distribution of the pretreated 

biomass 
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o Weighing balances to weigh the enzymes before injection into the saccharification 
tank 

o Shaking incubators to set up the parallel lab scale saccharification experiments 
• Calculations and Assumptions 

o Enzymes addition is calculated on the basis of total glucan of the biomass: 
 Amount of enzyme addition=(weight of biomass to be saccharified * Solid 

percent * total glucan content percent * percent of enzyme to be added) 
o After the glucose and xylose reading is captured from High-Performance Liquid 

Chromatography, the total glucose and xylose conversion is done as follows: 
 For the C6: (Actual Glucose concentration recorded by High-Performance Liquid 

Chromatography) ÷ (total solid percent * total glucan content percent * factor 
1.11) *100 

 For C5: (Actual Xylose and Arabinose concentration recorded by High-
Performance Liquid Chromatography) ÷ (total solid percent * total xylan content 
(xylose and arabinose) percent * factor 1.14)*100 

o Quantify the amount of sugar that can be theoretically produced during the 
simultaneous saccharification and fermentation not present at the time of inoculation 
(simultaneous saccharification and fermentation T=0). 

o A set of flasks (triplicate) will be used as a control for quantifying the amount of 
extra enzymatic hydrolysis by continuing the saccharification in the laboratory 
without yeast added into it. Using the total sugar present in these flasks and a 
fermentation coefficient of 51.1 percent, the fermentation efficiency will be 
calculated for each batch. 

• Test Boundaries 
o Process/  Unit Operations: 
 C6-Propagation tanks 
 C5-Propagation tanks 
 Saccharification and Fermentation tanks 
 Saccharification Augers 
 Recycle Process 

o Key Test Parameters: 
 Total solids percent – see next section 
 Enzyme dosage(s) – see next section 
 Enzyme activity 
 variation in feedstock composition (i.e., glucan and xylan contents) 
 pelletized vs. non-pelletized biomass 
 Enzyme addition into flash tank or fermentation tank 
 Recycle stream analysis 

• Problems encountered - 
o Depending the solids concentration and the configuration of the Cellunator we have 

experienced plugging, burning of the material and wear inside the Cellunator. 
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• Departure from planned methodology 
o The original plan was to press the solids to remove the liquids during the 

saccharification. However, it was found that the pressing step did not work at this 
junction. Therefore, the liquid was solely removed from the system using the auger 
screen. Besides this deviation, the CSP runs were mostly performed as originally 
designed. 

• Results 
o Table 17 provides an overview of the 17 saccharification auger runs that have been 

completed. These can be grouped into 4 groups. Runs 14 through 21 were 
commissioning runs to ensure that the augers could run sufficiently. Runs 22 
through 228 were short runs looking at the optimal conditions such as enzyme 
dosing. Run 229 was a long run designed to reach steady state operation for over 

o 100 hours (total run time was 204 hours). Runs 230 through 232 were optimization 
runs using bagasse. 

o Runs 14 through 21 proved out that a saccharification could occur in the auger 
system. During this time a number of issues were successfully addressed: 
 Parameter control (including temperature and solids percent in the auger) was 

established. 
 Water removal through the wedge wire underneath the auger was established. 
 A solids handling for recycle in the augers was established. 
 Incline of the augers were optimized. 
 Liquor recycle back into the system was established using diaphragm pumps. 
 Water removal from the auger system and solid recycle in the liquid system was 

established using a Sweco and pumping system. 
o In Runs 22 through 228, the C6 and C5 conversions were established as a function 

of the enzyme dosing percentage and number of enzyme dosing places, shown in 
Figure 65. It was established that the C6 conversion increased with increasing 
enzyme dosing. Additionally, both auger runs using 2 enzyme dosing places instead 
of just one spot had improved conversions. 

o Run 229 was a 200-hour run that illustrated that the system could operate at steady 
state conditions and have C6 conversions within 1 percent of the shake flask 
controls, which is shown in Table 18. 

o Runs 230 through 232 were bagasse runs which were run with and without Additive. 
It was found that the Additive had a great effect on the C6 conversion increasing 
the conversion from an average of 42 percent in the runs without Additive to 55 
percent in the run with 2 percent Additive. This is an active area of additional 
research. 

• Impact on overall project outcome 
o These runs have had a huge impact on the overall project. By showing that the 

saccharification could be run in a continuous manner with yields above what was 
seen in the shake flask, the economic for a commercial scale plant improve 
dramatically. 
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o Establish the optimal process conditions developed in these characterization runs as 
“baseline” (standard) as the starting point for planned (and other future) 
improvements. 

o Temp, Residence Time, dosage, pH, solid percent, other 
o Develop and demonstrate separations operability, including time needed between 

cleaning cycles, cleaning conditions, and flux rate determinations. 
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Table 17: Summary of Auger Runs 

Batch Start Date 
and Time 

End Date Primary Objective Secondary Objective Saccharification 
Auger Time 

Feed 
Stock 

Grind PT 
Batches 

PT 
Solids 

0014 4/3/2013 
12:00 AM 

4/3/2013 
12:00 AM 

To test the saccharification 
efficiency of four (4) augers 
in series over a twelve (12) 
hour period with a high 
biomass fill level and high 
rotation speed. 

To evaluate the 
operability of four (4) 
saccharification augers 
in series with 
continuous biomass 
recirculation and sugar 
removal via SWECO and 
TFF. 

12 Corn 
Stover 

Pelletized 2 18.00
% 

0015 4/8/2013 
12:00 AM 

4/8/2013 
12:00 AM 

To test the saccharification 
efficiency of four (4) augers 
in series over an eight (8) 
hour period with a high 
biomass fill level and high 
rotation speed. 

To evaluate the 
operability of four (4) 
saccharification augers 
in series. 

8 Corn 
Stover 

Pelletized 1 16.00
% 

0016 5/9/2013 
12:00 AM 

5/9/2013 
12:00 AM 

To test the operation of 
receiving pretreated from 
CCM, Mix Auger, and four 
(4) Saccharification Augers 
in series over a 12 to 15-
hour period. 

Evaluate operability and 
saccharification of four 
(4) saccharification 
augers in series with 
continuous biomass 
recirculation and sugar 
removal via SWECO and 
TFF. 

12 Corn 
Stover 

Pelletized 2 10.00
% 

0017 5/16/2013 
12:00 AM 

5/16/201
3 12:00 
AM 

To test operation of the 
CCM pretreatment tie-in 
and biomass processing in 
the Mix Auger and four (4) 
Saccharification Augers 
over a 12 to 15-hour 
period. 

Evaluate operability of 
four saccharification 
augers in series with 
continuous biomass 
recirculation and sugar 
removal via SWECO and 
TFF. 

12 Corn 
Stover 

Pelletized 2 13.00
% 
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Batch Start Date 
and Time 

End Date Primary Objective Secondary Objective Saccharification 
Auger Time 

Feed 
Stock 

Grind PT 
Batches 

PT 
Solids 

0018 5/21/2013 
12:00 AM 

5/24/2013 
12:00 AM 

To test operation of the 
CCM pretreatment tie-in 
and biomass processing 
in the Mix Auger and 
four (4) Saccharification 
Augers over a 66-hour 
period. 

To evaluate the operability 
and saccharification of four 
(4) saccharification augers 
in series with continuous 
biomass recirculation and 
sugar removal via SWECO 
and TFF. 

60 Corn 
Stover 

Pelletized 14 16.00
% 

0019 6/4/2013 
12:00 AM 

6/7/2013 
12:00 AM 

To test operation of the 
CCM pretreatment tie-in 
and biomass processing 
in the Mix Auger and 
four (4) Saccharification 
Augers over a 66-hour 
period. 

To demonstrate control of 
liquor transfer throughout 
the auger system and 
generate a filtered sugar 
product using the TFF that 
represents a high sugar 
yield. 

60 Corn 
Stover 

Pelletized 16 16.00
% 

0020 6/12/2013 
12:00 AM 

7/13/2013 
12:00 AM 

To process sugar cane 
bagasse in the Visalia 
auger system, 
incorporating the CCM 
pretreatment tie-in, Mix 
Auger and four 
Saccharification Augers, 
over a 24-hour period. 

To observe the behavior of 
bagasse in the existing 
auger process configuration 
and determine how to 
transfer solids and liquor 
throughout the system. 

24 Bagas
se 

Sieved 4 10.00
% 

0021 6/18/2013 
12:00 AM 

6/20/2013 
12:00 AM 

To test operation of the 
CCM pretreatment tie-in 
and biomass processing 
in the Mix Auger and 
four (4) Saccharification 
Augers over a 66-hour 
period. 

To demonstrate control of 
liquor transfer throughout 
the auger system and gain 
operational insights into the 
process. 

48 Corn 
Stover 

Pelletized 8 16.00
% 
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Batch Start Date 
and Time 

End Date Primary Objective Secondary 
Objective 

Saccharification 
Auger Time 

Feed 
Stock 

Grind PT 
Batches 

PT 
Solids 

0022 6/25/2013 
12:00 AM 

6/28/2013 
12:00 AM 

To test a variant enzyme dosing 
strategy in which the enzyme is 
dosed at 10% (w/w glucan) at 
time of pretreat transfer, with 
delayed doses through t = 52 
hours. The overall enzyme dose 
will remain the same as in 
auger Run 21. 

To demonstrate 
control of liquor 
transfer 
throughout the 
auger system 
and gain 
operational 
insights into the 
process. 

48 Corn 
Stover 

Pelletized 8 16.00
% 

0225 7/1/2013 
12:00 AM 

7/3/2013 
12:00 AM 

To process sugar cane bagasse 
in the Visalia auger system, 
incorporating the CCM 
pretreatment tie-in, Mix Auger 
and four Saccharification 
Augers, over a 60-hour period. 

To observe the 
behavior of 
bagasse in the 
existing auger 
process 
configuration and 
determine how to 
transfer solids 
and liquor 
throughout the 
system. 

48 Bagasse Sieved 8 8.00% 

0226 7/9/2013 
12:00 AM 

7/12/2013 
12:00 AM 

To test a variant enzyme dose 
of 50% (w/w glucan), to be 
added to the Mix Auger. Auger 
operations will be consistent 
with Run 21. 

To demonstrate 
control of liquor 
transfer 
throughout the 
auger system 
and gain 
operational 
insights into the 
process. 

48 Corn 
Stover 

Pelletized 8 16.00
% 
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Batch Start Date 

and Time 
End Date Primary Objective Secondary Objective Saccharification 

Auger Time 
Feedstock Grind PT 

Batches 
PT 
Solids 

0227 7/16/2013 
12:00 AM 

7/19/2013 
12:00 AM 

To test a variant 
enzyme dosing strategy 
in which the enzyme is 
dosed at 25% (w/w 
glucan) at time of 
pretreat transfer, with 
delayed doses through t 
= 52 hours. The overall 
enzyme dose will remain 
the same as in auger 
Run 226. 

To demonstrate control 
of liquor transfer 
throughout the auger 
system and gain 
operational insights into 
the process. 

48 Corn 
Stover 

Pelletized 8 16.00
% 

0228 7/23/2013 
12:00 AM 

7/26/2013 
12:00 AM 

To operate the Visalia 
Augers CSP system over 
a 78-hour period. 

To run all unit operations 
(pretreatment, sacch, 
SLS, TFF) 
simultaneously in 
preparation for 
continuous processing. 

70 Earlage Pelletized 16 16.00
% 

0229 7/30/2013 
12:00 AM 

8/9/2013 
12:00 AM 

To continuously operate 
the Visalia Augers CSP 
system for 10 days. 

To run all unit operations 
(pretreatment, sacch, 
SLS, TFF) 
simultaneously and in a 
sustained, continuous 
manner. 

188 Earlage Pelletized 42 16.00
% 

0230 8/20/2013 
12:00 AM 

8/23/2013 
12:00 AM 

To process sugar cane 
bagasse in the Visalia 
Augers system at 12% 
solids. 

To test mass flow and 
dewatering in the 
saccharification augers 
at a reduced angle of 3 
degrees. Only three 
augers will be used 
instead of four. 

48 Bagasse Single 
Pass 

6 12.00
% 
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Batch Start Date 

and Time 
End Date Primary Objective Secondary Objective Saccharification 

Auger Time 
Feedstock Grind PT 

Batches 
PT 
Solids 

0231 8/27/2013 
12:00 AM 

8/30/2013 
12:00 AM 

To process sugar cane 
bagasse in the Visalia 
Augers system at 12% 
solids. 

To test mass flow and 
dewatering in the 
saccharification augers 
at a reduced angle of 
3 degrees. Only three 
augers will be used 
instead of four. 

48 Bagasse Multiple 
Pas 

6 12.00
% 

0232 9/10/2013 
12:00 AM 

9/13/2013 
12:00 AM 

To process sugar cane 
bagasse with 2% 
Additive in the Visalia 
Augers system. 

To test mass flow and 
dewatering in the 
saccharification augers 
at a reduced angle of 
3 degrees. 

48 Bagasse Single 
Pass 

6 12.00
% 

Source: Edeniq, Inc. 
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Table 17: Summary of Auger Runs (continued) 

Batch Feedstock 
Bag 

Glucan % Xylan % pH Buffer Enzyme Dosing 
Location 

Dosing % 2nd 
Dosing 
Location 

2nd Dosing 
% 

Additives 

0014 Lot B 30.33% 16.27% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0015 Lot B 30.33% 16.27% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

35.0%   None 

0016 Lot C 22.90% 11.00% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0017 Lot C 22.90% 11.00% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0018 Lot C 22.90% 10.98% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0019 Lot C 22.90% 10.98% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0020 Sieved 
Bagasse 
from South 
Shirk 

39.25% 22.25% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 
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Batch Feedstock 

Bag 
Glucan % Xylan % pH Buffer Enzyme Dosing 

Location 
Dosing % 2nd 

Dosing 
Location 

2nd Dosing 
% 

Additives 

0021 Lot C 22.90% 10.98% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0022 Lot C 22.90% 10.98% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

10.0% Liquor 
Tank 

10.0% None 

0225 Sieved 
Bagasse 
from South 
Shirk 

39.25% 22.25% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

35.0%   None 

0226 Lot B 30.34% 16.27% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

50%    

0227 Lot B 30.34% 16.27% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

25.0% Liquor 
Tank 

25.0% None 

0228 Lot I 27.61% 13.75% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0229 Lot I 28.05% 13.82% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

10.0% Liquor 
Tank 

10.0% None 
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Batch Feedstock 
Bag 

Glucan % Xylan % pH Buffer Enzyme Dosing 
Location 

Dosing % 2nd 
Dosing 
Location 

2nd Dosing 
% 

Additives 

0230 Lot H 39.25% 22.25% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

10.0% Liquor 
Tank 

10.0% None 

0231 Lot H 39.25% 22.25% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   None 

0232 Lot H 39.25% 22.25% Mg(OH)2 
and 
NH4OH 

Enzyme A Mixing 
Auger 

20.0%   Additive 

Source: Edeniq, Inc.  
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Figure 65: C6 Conversion of Corn Stover 

 

Source: Edeniq, Inc. 

  



 

 F-18 

Table 18: C6 Conversions, Runs 220 through 232 

 

Source: Edeniq, Inc.  
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3.3.2 Liquid Separation 
Introduction 

The Smart Flow tangential flow filter is a key operation in the liquid separation system at 
Edeniq’s continuous sugars pilot plant. After hydrolyzate liquor has been removed from the 
saccharification augers, the TFF is used to remove soluble sugars while retaining biomass 
solids and enzyme that continue to react in the system. The sugar liquor generated by the TFF 
is the final product of the entire process. The same TFF module has been operated during 
eight auger runs since May 2013. During Run 229, the most recent test of the auger system, 
the TFF completed 8 filtration cycles in succession. Despite several rounds of cleaning after the 
eighth cycle, the operations team was unable to restart the TFF due to signs of plugging. The 
objective of this study is to visually inspect the module and assess its current status. A 
secondary objective is to document any signs of wear. 

Objectives 

• To be able to recycle sugar liquor back through saccharification to increase overall 
conversion 

• To be able to separate sugars from saccharification stream with minimal residual solids 
• Prove effectiveness of each of the separations systems for separating sugars, solids, 

and enzymes: 
o SWECO vibrating filter 
o Tangential Flow Filtration (TFF) 

Experimental Scope and Initiative 

• Reference Conditions 
o Minimize Solids in recycle water and/or sewer stream 
 Develop specification for particulate solids. 
 Demonstrate recovery of active enzymes through direct quantification and 

enhanced yield 
o Determine outlet specifications maximum byproduct, and minimum sugar for 

product stream 
• Specific Performance Objectives 

o Minimize Solids 
 3 percent solids in recovered water 

o Minimize Inhibitors 
 0.6 percent w/v Acetic Acid into to fermentation 
 0.1 percent w/v Acetic Acid in recycle stream water 
 Primary concern is Acetic Acid Removal 

o Sugars 
o Less than or equal to 1 percent total sugars in recycle water to front end. Recycle at 

least sugar liquor and solids back into process at least 2 times, based on mass 
balance. 

• Test Methods and Procedures 



 

 F-20 

o Solid / Liquid Separation Assumption 
o Samples by batch 
 Stillage tank 
 TFF permeate 

o Samples by day or as need (pending on volume of the retentate tank) 
 TFF Retentate 
 Duration of test periods- 

o Compositional analysis will be needed for solids 
 Can take up to 1 week to process 

o Liquid samples will require wet analytical work but can be processed within the day 
 Test Stability Requirements – 
 Put samples in the refrigerator 

o Sugar Liquor 
 Analyze for percent Glucose, percent xylose,  percent dissolved solids 
 Analyze for Enzyme Level 

• Products and Intermediates (Sampling) 
o Stillage - liquid and solid 
 Sample port before the pump 

o TFF – liquid and solid 
 Sample port on permeate 

o Sample port on the retentate tank (TK-5103) Documentation of samples 
 Follow standard operating procedures from Lab 

o Method of Recording 
 Manual entry of lab analysis into spreadsheets 
 The spreadsheet will need to be uploaded into master document describing the 

run 
o Key Data - Data provided by lab 
 Inhibitor levels 
 Sugar levels 
 Particulates in recycle stream 

Sugar Liquor Recycle 

• Consumables 
o Chemicals 
 Caustic 

o Disposable plastic ware from lab 
o Extraction and/or Recovery chemicals or polymers 

• Instrumentation 
o High-Performance Liquid Chromatography for liquid samples 
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o pH for liquid samples 
o Compositional analysis for solids (various tests; follow standard operating 

procedures) 
o Particle Size Analysis 
o Moisture analyzer 
o Level Transmitters on Saccharification equipment 
o Temperature transmitter and control on Saccharification equipment 
o Flow Transmitters for enzyme feed rate 
o Flow Transmitter for liquid recycle 
o pH for liquid samples and biomass 
o Compositional analysis for solids (various tests; follow standard operating 

procedures) 
o Moisture analyzer 
o High-Performance Liquid Chromatography – both for the detection of inhibitors and 

analysis of sugar contents 
o Solid analyzer to determine the solid percent of the biomass before addition of 

enzymes 
o Particle size analyzer to analyze the particle size distribution of the pretreated 

biomass 
o Weighing balances to weigh the enzymes before injection into the saccharification 

equipment 
o Shaking incubators to set up the parallel lab scale saccharification experiments 

• Calculations and Assumptions 
o Enzymes addition is calculated on the basis of total glucan of the biomass: 
 Amount of enzyme addition=(weight of biomass to be saccharified * Solid 

percent * total glucan content percent * percent of enzyme to be added) 
o After the glucose and xylose reading is captured from High-Performance Liquid 

Chromatography, the total glucose and xylose conversion is done as follows: 
 For the C6: (Actual Glucose concentration recorded by High-Performance Liquid 

Chromatography) ÷ (total solid percent * total glucan content percent * factor 
1.11) *100 

 For C5: (Actual Xylose and Arabinose concentration recorded by High-
Performance Liquid Chromatography) ÷ (total solid percent * total xylan content 
(xylose and arabinose) percent * factor 1.14)*100 

o Quantify the amount of sugar that can be theoretically produced during the 
simultaneous saccharification and fermentation not present at the time of 
inoculation (simultaneous saccharification and fermentation T=0). 

o A set of flasks (triplicate) will be used as a control for quantifying the amount of 
extra enzymatic hydrolysis by continuing the saccharification in the laboratory 
without yeast added into it. Using the total sugar present in these flasks and a 
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fermentation coefficient of 51.1 percent, the fermentation efficiency will be 
calculated for each batch. 

o Calculations to determine recovery yields 
o Calculations of flow and times to determine operating rates 
o Assumption system can be run bath or continuous 
o Assumption that waste take off can be batched or continuous to optimize recoveries 
o Approaches used 
 Test Boundaries 
 After stillage (TK-5101) and prior wastewater (TK-6501A&B) and recycle (TK- 
 5501) roll off bin 
 Attach P&ID & PFD (Micro and Macro) 
 Water Recycle 
 What water quality is required? 
 What capabilities for exist for reducing dissolved solids, insoluble solids, and 

inhibitor reduction 
• Liquid Filtration 

o Integrate system to continuously remove process-relevant quantities of sugar liquor 
o from the biomass solids 
o Develop filtration operability including time needed between cleaning cycles, 

cleaning conditions, and flux rate determinations 
o Optimize cleaning procedure by decreasing frequency and minimizing chemical costs 
o Optimize flux rates across filter 
o Evaluate techniques to improve saccharification yield, including surfactant addition, 

recycle, and subsequent recovery 
o Perform wear and longevity studies 

• Problems encountered 
o Our main issue is we did not have enough run time on the TFF. 
o Slow filtration rate. 
o Difficult to clean. 
o Filter screens have proven to be easy to damage. 

• Departure from planned methodology 
o Instead of taking material post distillation, the material was filtered before going to 

fermentation. This produced a particulate solids free sugar stream for fermentation 
or other uses. 

• Results 
o Summary: 

TFF operations during CSP Run 235 consisted of 9 filtration cycles that generated a total of 
3504.5gal permeate liquor. The total filter uptime was 60:08 hours, or 31.7 percent of the 
total CSP run time after the TFF was first started 60:53 into the run. Total TFF cleaning time 
was 70:55 hours. Key values for each filtration cycle are summarized in Table 19. Net product 
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flux varied from cycle to cycle based on differences in filtrate solids (average solids and pellet 
weight), initial cleanliness (Clean Water Flux and Normalized Clean Water Flux), and operating 
pressures. The net flux was high for early filter cycles but remained between 10 Liter per 
Square Meter per Hour and 20 Liter per Square Meter per Hour throughout most of the CSP 
run. Insoluble solids accumulated in the TFF feed over the course of Run 235; although 
concentrate was recycled back to the augers during TFF operation, elevated solids levels often 
limited the length of filtration cycles, as shown by the maximum pellet weights in Table 19. 
The TFF system was cleaned between runs using a two-step process consisting of a hot 
caustic wash followed by a soak in a solution of hydrogen peroxide and caustic. The exposure 
time and chemical concentrations were varied throughout the run in order improve membrane 
cleaning, as determined by the clean water flux measured at the start of each filtration cycle. 
This flux was normalized for inlet pressure and temperature (Normalized Clean Water Flux) for 
a more apt comparison across the CSP run. Although overall Clean Water Flux recovery was 
relatively low during the middle of the run, it was consistent across cycles 3 – 8. 

Table 19: Run 235 Overview 

Cycle 
CSP 
Start 
Time 

Duration 
(hours) 

Perm 
Gen 
(gal) 

Net Flux 
(LMH) 

CWF 
(LMH) 

NCWF 
(LMHP) 

Avg 
Solids 
(%) 

Avg 
Pellet 
(%) 

Max 
Pellet 
(%) 

1 60:53 3:07 714.4 88.42 284.7 35.0 15.2 42.0 67.4 

2 102:40 6:10 672.2 42.05 116.3 10.2 11.7 29.4 37.9 

3 123:38 8:45 343.5 15.14 79.6 4.6 13.6 32.4 34.0 

4 137:45 5:09 173.9 13.03 64.3 5.9 15.3 38.9 42.2 

5 154:35 5:52 384.1 25.25 76.5 6.0 14.2 34.0 37.6 

6 164:09 4:04 155.3 14.73 91.8 8.4 14.4 36.4 38.3 

7 172:22 8:57 316.1 13.62 58.2 5.6 12.6 34.7 38.4 

8 187:54 14:29 594.6 15.84 82.7 7.4 13.5 34.4 40.2 

9 247:08 3:35 156.2 16.82 171.4 16.3 16.8 52.2 61.0 

Source: Edeniq, Inc.  

Net flux is calculated from the total amount of permeate generated over each cycle time. 
Clean water flux was measured before the start of each filtration cycle as a metric of 
membrane cleanness. The clean water flux was normalized for pressure and temperature to 
compare measurements across the run. Total solids in the TFF concentrate were measured 
throughout each run cycle; however, samples were also centrifuged into a pellet to track 
changes in insoluble solids fraction.  The total solids and pellet values were averaged across 
each filtration cycle. The maximum pellet weight was the final value measured at the end of 
each cycle. 
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Operations: 

Equipment 

Edeniq’s continuous sugar pilot plant incorporates a commercial size tangential flow filtration 
system from Smart Flow Technologies, the Con Sep 11000. The pilot plant system includes a 
single holder tied into a high-speed concentrate recirculation loop. Fresh filtrate is continuously 
pumped into this circuit while concentrate is bled off and returned to the filtrate tank. The 
concentrate turnover is high enough that insoluble biomass solids do not accumulate in the 
recirculation loop. The current process utilizes Polyether Sulfone 150kDa membrane, which 
provides a suitable balance of flux and pore size within an acceptable cost range for 
commercial operation. The 150kDa pore size has been shown to retain active enzymes in the 
saccharification system, in addition to biomass solids. The channel height of 1.50mm was 
selected in order to reduce plugging, and the 9.8m2 membrane surface area was selected to 
increase filtrate throughput. 

Run 235 utilized the SmartFlow ConSep 11000 TFF ultrafiltration system on the 

CCM’s liquid separation skid. The system included a Polyether Sulfone 150kDa membrane with 
surface area 9.8m2 and 1.50mm channel height, new at the start of the run. The TFF was fed 
from a 1588gal filtrate tank. A recirculation loop with an in-line heater mixed the filtrate and 
maintained process temperatures. Permeate liquor was stored in a 940gal tank with a chiller to 
help prevent contamination. Permeate flowed into the permeate tank directly from the TFF 
during cycles 1 – 7, but halfway through cycle 7 a separate permeate pump was implemented. 
Permeate drained into the feed pot for the pump, which automatically transferred permeate to 
the tank when the pot was full. Use of the permeate pump was intended to relieve membrane 
backpressure during cycles 7 – 9. 

Materials and Method 

This study describes module serial no. ECM-130311-02, model no. 94-J2B-0150. This module 
was first used in a continuous sugars pilot plant run starting on 5/21/13. The holder was 
opened to inspect the module on 8/15/13. During that time the TFF has completed 22 
filtration cycles spread over 8 different runs. In the most recent test of the auger system, the 
TFF completed 8 filtration cycles (15 hours each) in succession, with cleaning in between each 
one. This corresponds to a total operational time of 261:45 hours for this module. Operational 
parameters are 20 – 30psi and 225gpm (1.5m/s). The highest clean water flux achieved 
before inspecting the module was 65.5 Liter per Square Meter per Hour at 15psi, 1m/s, and 
16.7°C. Normalizing the water flux for TMP at 20°C gives 6.7 Liter per Square Meter per 
Hour/psi. 

Filtration Parameters 

Membrane inlet pressure, recirculation flow rate, and filtrate temperature were controlled 
during TFF operation, shown in Table 20. During Cycle 1 the TFF inlet pressure was kept as 
low as possible, however a value of 15psi was targeted for subsequent runs. This pressure 
was deliberately lower than the target for Runs 230 through 234; the lower operating pressure 
was expected to reduce fouling by bagasse solids, thereby facilitating longer cycle times. The 
new membrane would provide higher product flux than the filter it replaced at equivalent 
pressures, so the change in operating pressure would not limit sugar recovery. The target 
recirculation flow rate (225gpm) was consistent with previous CSP runs. A heating element in 
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the filtrate recirculation loop in-line with the TFF feed maintained the temperature of the 
filtrate at 120°F, the target temperature for the saccharification process. 

Table 20: Tangential Flow Filtration Parameters by Cycle 

Cycle 
Inlet 

Pressure 
(psi) 

Outlet 
Pressure 

(psi) 

Pressure 
Drop (psi) TMP (psi) Flow Rate 

(gpm) Temp (°F) 

1 12.6 2.8 9.8 5.0 225.7 119.6 

2 15.1 3.9 11.1 6.9 226.8 117.6 

3 14.8 4.4 10.4 6.7 222.9 121.0 

4 14.5 4.2 10.3 6.7 231.0 120.7 

5 18.4 5.8 12.5 9.9 227.3 120.0 

6 12.2 2.9 9.3 5.4 176.0 107.4 

7 17.8 3.4 14.3 9.3 221.0 114.2 

8 13.1 3.4 9.7 8.1 224.1 109.9 

9 17.5 3.3 14.2 10.1 215.8 97.3 

Source: Edeniq, Inc. 

TFF Feed Material 

Saccharified bagasse liquor drained from the four augers was collected in a 120-gal liquor 
tank. Liquor collected in this vessel could be distributed back to the augers or to the SWECO 
vibrating sieve and filtrate tank. The sieve, which was equipped with a 43µm screen, helped 
prevent channel blockages in the TFF by removed oversize solids particles from the TFF feed. 
Oversize particles were recycled directly back to Auger 3 throughout the CSP run. As the auger 
system achieved high degrees of saccharification late in the CSP run, bagasse particle sizes 
became small enough to pass through the sieve and accumulate in the TFF feed. In order to 
reduce the solids content of the TFF feed, the sieve mesh diameter was reduced to 25µm 158 
hours 

into the run, after which the sieve uptime was increased by almost fivefold. The overall sieve 
uptime increased from 9.4min/hour of CSP operation (15.6 percent uptime) during the first 
158 hours of the run, to 43.6min/hour CSP operation (72.6 percent uptime) during the 50 
hours following the change. Total sieve uptime during CSP Run 235 was 72:46. After the end 
of filter cycle 8, approximately 210 hours into the CSP run, operators observed that the 25µm 
screen had ruptured. The screen was replaced with the original 43µm sieve. The entire 
contents of the filtrate tank were re-sieved prior to starting the final filter cycle. Concentrate 
from the TFF could be recycled back to the sacch augers through this vessel. 

Run Strategy 

The TFF operational strategy during Run 235 was to maintain filter uptime until A) the pellet 
weight in the TFF feed material was between 35 and 40 percent, or B) the filtrate tank volume 
fell below 150gal. The limit on pellet weight of the TFF feed was determined based on 
operational experience from previous bagasse runs, which indicated that product fluxes were 
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relatively low when insoluble solids exceeded this level. Setting a practical limit to insoluble 
solids in the TFF feed also helped prevent them from over-concentrating to the point that high 
slurry viscosity could add to the membrane cleaning time. Although operators were instructed 
to shut down the system for cleaning when pellet weight exceeded 35 percent, in some cases 
(i.e. cycle 9) the TFF was allowed to run reach higher degrees of concentration to remove 
more liquid from the system. The tank volume limit was selected to ensure that there was 
sufficient concentrate to recycle back at the end of a TFF cycle and as additional protection 
against overconcentration of the solids. The TFF was kept online as much as possible within 
those two constraints. After completion of a cleaning cycle, system start-up was often aligned 
with the day or swing shift, when engineers were on-duty. 

The graph shown in Figure 66 provides insight into the reason each TFF filtration cycle was 
terminated. Final concentrate pellet weights show that in every case, the TFF was shut down 
because the solids level had exceeded the threshold for cleaning. None of the nine operation 
cycles were ended because the filtrate had been entirely consumed; there was at least 500gal 
filtrate remaining at the end of 6 cycles. The final product flux also factored into the decision 
to shut down the TFF, as reduced flux rates can be a sign that membrane has fouled and 
needs cleaning. The final product fluxes for cycles 3 - 9 (averaged over the last 20 minutes of 
each cycle) ranged from 10 – 20 Liter per Square Meter per Hour (or 26 – 52gph product). 
The average of the final fluxes for cycles 3 – 9 was 14.4 Liter per Square Meter per Hour. 
Since the final flux was generally close to the net flux for most TFF cycles, it can be inferred 
that they were not ended due to reduced product fluxes. 

Figure 66: Termination Factors from The End of Each Filtration Cycle. 

 

Source: Edeniq, Inc. 
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Clean Water Flux 

Clean water flux was measured immediately before and after each filtration cycle as a metric 
for membrane cleanliness before and after cleaning. Flux was quantified by measuring the 
amount of permeate generated in a fixed period of time when clean water was recirculated 
through the system. Target parameters for the Clean Water Flux were 15psi inlet pressure, 
150gpm flow, and ambient temperature. Actual parameters varied, so flux was normalized to 
inlet pressure and water temperature (Normalized Clean Water Flux) for a fair comparison of 
values measured over the course of the CSP run. The normalization temperature was 20°C for 
all water flux measurements. 

Process Deviations 

Two notable process deviations occurred during Run 235. One occurred during the first 
filtration cycle, during which the insoluble solids were concentrated above the target range. 
The operating team only monitored the TFF filtrate solids levels initially based on experience 
from previous CSP runs. After concentrating the filtrate tank from 738gal down to 164gal, the 
TFF pressure drop increased as recirculation flow began to decline. The TFF was shut down on 
account of the low filtrate volume, but after checking the concentrate solids it immediately 
became apparent that the concentrate was much more viscous than the filtrate (TFF feed). 
The concentrate was non-flowing, while the final filtrate could still be poured. Operations 
measured 21.6 percent total solids in the concentrate stream at the end of cycle 1, compared 
to 13.0 percent total solids in the filtrate. The concentrate pellet weight at the end of the cycle 
was 67.4 percent, exceeding the predetermined range for maximum pellet weight. The filtrate 
pellet was still within the acceptable range, at 39.4 percent. The TFF underwent repeated 
cleaning operations after the first filter cycle, with the clean water flux recovery measured 
after each step. The Clean Water Flux recovery was only 15 percent after 9.5 hours of 
cleaning over 4 wash steps. A final soak step brought the Clean Water Flux recovery to 41 
percent, at which point filter operations were resumed. Concentrate solids levels were 
monitored for all subsequent cycles as a result of this deviation. 

The second deviation was the result of a power outage at the Edeniq Visalia site at 10:33PM 
on 10/14/13, 24 minutes into TFF cycle 6. The TFF was inactive for 47 minutes as a result of 
the power disruption, which is shown as the flat-lined section of the cycle 6 operating 
parameters in the Appendix. During the outage the filtrate feed pump lost power and shut 
down, but the recirculation pump continued running for 5 – 10 minutes before it was manually 
shut down. Without any exchange of fresh filtrate, solids continued to concentrate in the TFF 
loop during this time. The high solids concentrate stream then sat idle in the TFF module for 
approximately 30 minutes until the operations team was prepared to restart the system. After 
restarting the TFF, operators observed a gradual increase in pressure drop across the 
membrane and a steady drop in product flux. At the time it was believed that the feed pump 
may have packed solids particles into the filter module while it remained running during the 
power outage, resulting in the diminished product flux rates. Operations surged the 
recirculation pump in an attempt to dislodge any solids that may have blocked module 
channels but were unable to reduce the pressure drop or mitigate the flux decay (as shown in 
the Appendix). At 2:00AM, about 2.5 hours after restarting the TFF, the inlet pressure and 
pressure drop began to climb rapidly as the recirculation flow dropped off. Product flux during 
this 15-minute period averaged only 9.4 Liter per Square Meter per Hour, less than a third of 
the 34.2 Liter per Square Meter per Hour average flux measured in the 15 minutes preceding 
the power outage. Engineers decided to preemptively end filtration and initiate cleaning so 
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that filter operations could be resumed during the morning shift, when additional operators 
and engineering staff would be available. 

Results and Discussion 

Water Removal 

Water removed from the auger system with the TFF permeate (product sugars) was tracked 
throughout the continuous run. Permeate volumes generated by the TFF were determined by 
the changing level in the product tank. The total quantity of water in the product stream was 
calculated based on the time-average concentrations of soluble solids (i.e., sugars and 
inhibitors) in the permeate stream. This quantity of water in the permeate was then divided by 
the total amount of water fed into the system with all pretreat batches to obtain a percentage 
of water removed. The total water removal ratios for the two 200-hour CSP runs are shown in 
Figure 67. In total, 85.3 percent of the water was removed in the product stream during Run 
235 (bagasse), compared to 63.1 percent during Run 229 (earlage). Despite a lower water 
removal ratio, more permeate was produced by the TFF during the earlage run (4018gal water 
compared to 3331gal water for bagasse). The total number of pretreat batches and batch 
frequency was higher for the earlage run, resulting in lower residence times in the auger 
system compared to the bagasse run. As a result, there was less free liquor to drain into the 
liquor tank supplying the TFF feed, and more water was removed with the pressed solids 
waste from the screw press (representing the boiler feed in a demonstration or commercial 
plant). This is in stark contrast to the bagasse run, which had sufficiently high residence times 
that all the bagasse liquefied and entered the TFF feed instead of exiting the augers through 
the solids purge. At the end of the bagasse run, 7.2 percent of the total water remained in the 
TFF feed tank. This represents an improvement over the 15.7 percent remaining in the TFF 
feed at the end of the earlage run. One of the key reasons that the residual water was lower 
for the bagasse run is that the filter achieved higher overall product fluxes, as indicated by the 
steeper slope of the line in Figure 67, allowing water removal to keep up with liquor draining 
from the augers throughout the run. There was too much liquor remaining at the end of the 
corn earlage CSP run to process before the end of the schedule workweek. 
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Figure 67: Water Removal Through CSP Runs 235 and 229 

 

Source: Edeniq, Inc.  

Effect of Solids 

Operational experience with the TFF system during past CSP runs dictates that product flux 
decreases at elevated solids levels. The relationship between TFF throughput and solids levels 
can be seen in Figure 69, which compares the normalized product flux for each filter cycle as a 
function of concentrate solids and pellet weight. Product flux was normalized with respect to 
inlet pressure to help isolate the effects of solids on flux. The cycle 1 series strongly suggests 
negative correlation between solids and flux, as normalized flux values steadily decrease by 25 
percent between 9.9 percent and 12.2 percent solids. Unlike subsequent cycles, the solids data 
for cycle 1 was measured at the TFF feed instead of the concentrate, meaning that the data 
points for cycle 1 are biased to the left of where they might actually lie (final point at 13.0 
percent solids in the filtrate corresponded to 21.6 percent solids in the concentrate). As such, 
we cannot fairly compare cycle 1 solids to the other cycles shown in Figure 68. 

The relationship between normalized flux and concentrate solids is less obvious for later filter 
cycles. Data points within each cycle tend to either be spread out across the range of solids 
values with little variation in normalized product flux, or clustered so closely together as to 
obscure any real difference in flux. The clustering of data points is the result of solids 
accumulating in the TFF feed at long process times; solids levels were relatively high at the 
start of each filter cycle and quickly reached the predetermined target to initiate cleaning. As 
such, solids levels varied little within each filter cycle and between filter cycles. During the 
steady state phase (cycles 3 – 8), the average range of solids levels across each run was only 
2.8 percent. The average solids value during these cycles was 13.9 percent. Applying the 
average range of solids measurements to the average value gives a span of 12.5 percent to 
15.3 percent, which was too narrow to observe a meaningful shift in the normalized product 
flux based on Figure 68. 
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Figure 68: Normalized Product Flux as a Function of Concentrate Solids and Pellet 
Weight. 

 

Source: Edeniq, Inc. 

Solids levels were measured hourly during TFF operation. Product fluxes at these sample times 
were divided by membrane inlet pressure in order to help isolate the relationship between 
solids levels and flux. Cycle 1 is actually graphed as a function of filtrate solids, as concentrate 
solids were not measured at that time. 

Normalized Clean Water Flux vs Product Flux 

Results show that the net flux of a given cycle increased with the normalized clean water flux 
measured at the start of the cycle. Figure 69 shows this relationship between Normalized 
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Clean Water Flux and net flux, based on the values in Table 19. Five of the nine runs are 
clustered in the range of 5 – 10 Liter per Square Meter per Hour/psi Normalized Clean Water 
Flux and 10 – 20 Liter per Square Meter per Hour net flux, where the Normalized Clean Water 
Flux increases with no significant change in net product flux. Historically, a higher water flux 
corresponds to higher product flux. The fact that the normalized flux could increase in that 
range without any change in net flux indicates that other factors are dominating the product 
flux. For example, Figure 69 shows that increasing the Normalized Clean Water Flux to 16 Liter 
per Square Meter per Hour/psi provides only a marginal enhancement of net flux. However, 
this point represents cycle 9, which had the highest average pellet weight of any of the runs. 
Even though the membrane was cleaner at the start of filtration, the increased solids burden 
diminished the product flux. Alternatively, there’s the point for cycle 5, which falls in the same 
Normalized Clean Water Flux range as other runs (6.0 Liter per Square Meter per Hour/psi) 
but had relatively high product flux due to an increased operating pressure. There’s additional 
scatter in Figure 69 due to the first two cycles on the new membrane, in which the net flux 
was relatively high regardless of cleaning. The scatter introduced by other process variables 
such as operating pressure and solids levels makes it impossible to predict net flux based on 
the Run 235 Normalized Clean Water Flux data. 

Figure 69: Net Flux vs Normalized Clean Water Flux for 9 Filtration Cycles 

 

Source: Edeniq, Inc. 

Net flux increases with Normalized Clean Water Flux, although increasing Normalized Clean 
Water Flux at an approximate net flux of 15 Liter per Square Meter per Hour indicates that 
other factors (such as solids) are affecting product flux. 

Normalized Clean Water Flux Recovery and Cleaning Techniques 

The Clean Water Flux and Normalized Clean Water Flux measurements from the start of each 
filtration cycle were normalized to the values for cycle 1. As shown in Figure 70, flux recovery 
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was consistent across cycles 3 – 8, but the values were relatively low compared to the new 
membrane flux. The Clean Water Flux recovery averaged 26.5 percent across cycles 3 – 8 and 
the Normalized Clean Water Flux recovery averaged 18.0 percent. The total cleaning time for 
the caustic wash and oxidative soak performed before each cycle are also shown in Figure 70. 
Cleaning techniques varied significantly from cycle to cycle. The original intention had been to 
test different cleaning techniques in a controlled manner, but the overconcentration of solids 
during cycle 1 interrupted this plan before it could be implemented and introduced a lasting 
shift in our approach to cleaning during Run 235. After cycle 1, the team was sensitized to 
elevated solids levels and the relatively low product fluxes obtained during Run 235 compared 
to previous bagasse runs, both of which added a sense of urgency to TFF cleaning. Rather 
than test an experimental (and potentially ineffective) method that would delay and disrupt 
operations, the team relied on the methods established during Run 229. Chemical 
concentrations, clean times, and combinations of soaks/washes varied as the operations team 
endeavored to achieve higher flux recoveries, but we never moved away from the known 
practices. Unfortunately, the variability that resulted from this approach makes it difficult to 
gauge the effectiveness of individual cleaning steps. This can be seen in Figure 70, where soak 
and wash times are inconsistent, and increased cleaning time does not necessarily correspond 
to enhanced flux recovery. 

Figure 70: Normalized Clean Water Flux Recovery Between Filtration Cycles During 
Run 235 

 

Source: Edeniq, Inc. 

Sensitivity Analysis 

Stat-Ease Design Expert 8 was used to apply statistical analysis tools to the operational and 
performance data generated during Run 235. This was accomplished by designating the key 
parameters affecting TFF performance as factors in a response surface method. These factors  
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include average TMP, filtrate temperature, pre-run Normalized Clean Water Flux, average 
pellet weight, maximum pellet weight, and cycle length. The only response to these factors 
was net flux. A linear model (no data transformations) using all six factors had an F-value of 
128.0, meaning that the model was significant. The perturbation diagram for this model is 
shown in Figure 71 and can be interpreted as the sensitivity of net flux to each factor. The 
slope of each factor’s perturbation line indicates whether the net flux response would increase 
with a positive change in the factor (positive slope) or decrease with a positive change in the 
factor (negative slope). The magnitude of the slope corresponds to the degree to which the 
factor impacted the net flux. It is important to note that the model was forced to account for 
all six factors; the model could be refined by removing those factors which are statistically 
insignificant (relatively low slope). 

Based on Figure 71, solids appear to have had the greatest effect on product flux during Run 
235. The net flux is shown to decrease dramatically as the average pellet weight of a cycle 
increases, a response supported by the normalized flux vs solids trends shown in Figure 68. 
Not only does the solids level have the greatest negative impact on flux, but it has the most 
influence on flux out of any factor in the model. This further underscores the importance of 
keeping solids levels low during TFF operations. Cycle 8 is a good example of this strategy 
when executed effectively: the total run time exceeded 14 hours, but the time-average pellet 
was equal to the mean value for cycles 2 – 8. Counter to the trend with average solids, the net 
flux increases with the maximum pellet weight. These two contradictory responses are 
produced by differences in operating philosophy. Net flux was relatively high for two short 
cycles (cycles 1 and 9) during which the TFF was run until a high degree of solids 
concentration was achieved. Even though increasing the maximum pellet weight improved net 
product fluxes, that strategy is not sustainable for continuous operation due to escalating 
cleaning time and intensity. 

Based on the slopes in Figure 71, the normalized clean water flux and filtration time also 
impacted the net product flux for a given cycle. It’s no surprise that net flux would correlate 
positively with membrane cleanness, as represented by the pre-run clean water flux 
(normalized for pressure and temperature).  This trend is also shown in Figure 69, but the 
perturbation graph further demonstrates the need for effective cleaning between filtration 
cycles. Statistically, net flux dropped slightly as run length extended due to the runs in which 
we were targeting steady state operations. We lowered the operating pressure in order to stall 
membrane fouling, assuming that longer uptimes would offset diminished product flux. 

Transmembrane pressure and filtrate temperature were statistically insignificant during Run 
235, according to Figure 71. It’s well-known that both factors impact product flux, so the 
distinction must be made between significant and statistically significant factors. System 
pressure and temperature were controlled throughout filtration, so it’s probable that there was 
insufficient variation to cause either factor to stand-out statistically. The statistically significant 
factors from Figure 71, average pellet and Normalized Clean Water Flux, will continue to 
dominate the net flux response as long as they have the highest degree of variability between 
cycles. In this way, the perturbation analysis reveals which factors are least consistent and 
most in need of improvement. 
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Figure 71: Perturbation Diagram from Stat-Ease Design Expert 

 

Source: Edeniq, Inc.  

Slope indicates the degree to which a change in any TFF performance factor affects the net 
flux (sensitivity). One coded unit corresponds to the following units for each of the following 
factors: 5.0psi (TMP), 12.0°F (temperature), 15.2Liter per Square Meter per Hour (Normalized 
Clean Water Flux), 11.4 percent (average pellet weight). Figures 72 and 72 show the 
operating parameters for filter cycles 1–9. 
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Figure 72: Operating Parameters for Filter Cycles 1 – 6 

 

Source: Edeniq, Inc.  

  



 

 F-36 

Figure 73: Operating Parameters for Filter Cycles 7 – 9 

 

Source: Edeniq, Inc. 

Cleaning 

The TFF was cleaned between filtration cycles. Two cleaning methods were employed during 
Run 235: a hot caustic wash and an oxidative membrane soak. Immediately after the end of 
filtration, TFF feed and recirculation loop were purged to remove any biomass solids from the 
lines, which were then flushed with hot water. After the water flush, a sodium hydroxide 
solution was recirculated through the system for 1 – 3 hours at approx. 120°F and 150gpm. 
Sodium hydroxide concentrations ranged from 0.1M – 0.2M. Biomass waste and caustic were 
flushed from the system at the end of the wash, using the concentrate line as a purge. In 
order to reduce the quantity of cleaning solution, the TFF holder was isolated from the process 
lines before each oxidative soak. After sealing the bottom of the holder (inlet), a mild solution 
of low-concentration hydrogen peroxide and sodium hydroxide was poured in from the top 
(outlet). There were two strengths of soak solution: 0.1 percent H2O2 plus 0.1M NaOH, and 0.2 
percent H2O2 plus 0.2M NaOH. Soak duration was typically 1 – 2 hours as dictated by the 
filtration schedule, but occasionally longer soaks were performed. The outlet port at the top of 
the holder was loosely capped to prevent pressurization inside the holder. Process water was 
pulsed through the holder from the top-down at the end of each soak until the rinse water 
was clear of biomass particles. 
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Cleaning methods implemented during the period of operation fall into two categories: 

• Hot Caustic Recirculation - Water is flushed through the TFF module and ancillary piping 
to remove loose biomass solids. A solution of 0.1M – 0.2M sodium hydroxide is 
circulated through the concentrate loop for 1 to 2 hours at 150gpm (channel velocity of 
1m/s). The caustic solution is heated to 110°F – 120°F during this time. The TFF 
system is always flushed with clean water immediately after completing the caustic 
wash. 

• Hydrogen Peroxide Soak - As with the caustic wash, clean water is flushed through the 
TFF and ancillary piping to remove loose biomass solids. The TFF holder is then 
disconnected from the concentrate loop and sealed at the inlet. The holder is filled with 
a solution of 0.1M sodium hydroxide and 0.1 percent hydrogen peroxide and allowed to 
sit undisturbed. Soak duration is typically between 1 and 3 hours, as time allows. At the 
end of the soak, the inlet is unsealed, and the cleaning solution is allowed to drain out. 
Process water is pulsed through the holder in reverse flow (outlet to inlet) until the 
effluent clears. 

Results / Discussion 

Overview 

The module was surprisingly clean, considering that the last pilot plant test ended when the 
operations team was unable to start a filtration cycle without immediately showing signs of 
plugging. Before opening the holder, the module was cleaned using both of the methods 
described above in Section 3 (including a long soak over the weekend). Visual inspection of 
the module showed that it was relatively clear of biomass solids or other debris. There was a 
thin film of biomass covering the outermost channel on either side of the module, appearing 
as a freckled discoloration in Figure 74. The film varies in thickness, and in many places has 
been stripped away during cleaning. The reverse side of the module, shown in Figure 75, is 
completely clear of any film, though the Polyether Sulfone material is stained on two of the 
channels out the outlet-end of the module. Three channels have small clumps of biomass 
fibers at the outlet; however, this is the only evidence of insoluble solids particles. Wear on the 
module was much more apparent, affecting both the Polyether Sulfone membrane material 
and the resins sealing the module. These types of wear will be described in subsequent 
sections.
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Figure 74: Thin Film of Biomass on Module 

 

Source: Edeniq, Inc. 

Figure 75: Clear Module 

 

Source: Edeniq, Inc. 

An overview of the TFF module removed from the holder after cleaning on 8/15/13. There are 
no visibly blocked channels in the module; however, Figure 74 shows a thin film over the 
membrane in the outermost channels. There is also some staining of the membrane on the 
outlet end in Figure 75. 
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Comparison to Prior Inspection 

This module was previously removed from the holder and visually inspected on 6/14/13. At 
that time, the membrane was only checked for plugging (wear patterns were not 
documented). The outermost channels in Figure 76 are completely plugged on both sides of 
the membrane. These same two channels are completely clear of solids particles in Figure 74; 
however, they are the channels that have the heaviest coverage of biomass film. Figure 77 
shows biomass fines accumulating at the retentate inlet, but those have also been removed 
before the most recent inspection. The dramatically reduced solids seen in Figure 74 compared 
to Figure 76 is proof that Edeniq’s current cleaning techniques are capable of clearing solids 
debris, even in completely blocked channels. Though two (visible) channels were completely 
blocked, there was no evidence of a slip- stream forming between the plugged channels. This 
has been observed in smaller modules, where the rib between two plugged channels 
delaminates, allowing filtrate to cross over between the two when it encounters a dead end. 

Figure 76: Module with Plugged Channels 

 

Source: Edeniq, Inc.  
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Figure 77: Module with Biomass Accumulation at the Retentate Inlet 

 

Source: Edeniq, Inc.  

This is an overview of the same membrane when it was removed from the holder on 6/14/13. 
The orientation of Figures 76 and 77 match that of Figures 74 and 75. Notice that the 
outermost channel on each side of the membrane in Figure 4 is completely plugged with 
biomass. These are the same channels with the biomass film in Figure 74. Figure 76 shows 
some solids debris and staining at the module inlet that is not present in Figure 75. 

Residual Biomass 

As noted in the overview, a thin biomass film was observed in some of the channels of the 
membrane as shown in Figure 77. The thin biomass film is still seen in the membrane after 
numerous and intensive cleaning cycles at the end of Run 229. Several small clumps of 
biomass fibers are also present in a number of channels in the middle of the membrane as 
shown in Figure 78. The number of clumps of biomass fibers decreased after the intensive 
cleaning cycles and soaking cycles. The soaking cycles helped to stripping biomass films but 
led to other problems listed in the report below. Further filtrating runs through the membrane 
along with further cleaning will hopefully reduce the biomass films and clumps of biomass 
fibers. 
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Figure 77: Thin Layers of Biomass in Channels of Membrane 

 

Source: Edeniq, Inc.  

Figure 78: Small Clumps of Biomass Fibers in Channels of Membrane 

 

Source: Edeniq, Inc.  

Figure 77 showcases the biomass film that covers the membrane in certain channels. The 
thickness of the film varies, as it has been stripped from the membrane in some areas. Several 
small clumps of biomass fibers were pressed into the channels at the outlet end of the 
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membrane as seen in Figure 78, but very little residual biomass was observed compared to 
past runs. It is likely that the addition of a soaking cycle to the cleaning regime helped reduce 
both types of residual biomass, penetrating plugged channels and stripping film from the 
membrane. 

Delaminating Glue 

The most common type of wear observed in the module is glue delaminating from the edges 
of the ribs between each channel. Whether by repeated chemical exposure during cleaning or 
friction with solids particles during filtration, the glue along the ribs has been loosened and, in 
some cases, stripped away. As shown in images of the entire module (Figures 71 and 72) 
delamination was focused at the retentate inlet, where it can be presumed that fluid 
turbulence and velocities were greatest. Less common than inlet delamination, which occurs as 
a hanging strip or short loop of loose glue, Figure 72 shows that some ribs are severely 
delaminated across the entire length of the module. There are long strands of separated glue 
in the second and third channels from the top of Figure 72. Despite the numerous instances of 
glue separating from the rib, there is no evidence of a slipstream forming between channels. 
Figure 79 showcases the delamination as it occurs at the retentate inlet. The edge of the 
center rib is a light brown color to the left of the hanging strand of glue (upstream), showing 
where the glue was peeled away. The edge of the rib is still dark brown to the right of the 
hanging strand (downstream), showing where the glue is still intact. The hanging strand of 
glue now creates a point where solids may accumulate to impede flow through the channel. 
Several separated strands of glue were found lodged in the channel inlets, could possibly 
contribute to other forms of wear: frayed perm packs and collapsed channels.  

Figure 79: Delamination in Retentate Inlet 

 

Source: Edeniq, Inc. 
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The most common type of wear observed when the module was removed was delaminating 
glue, shown above. There is no glue to the left of the hanging strands (inlet), while the darker 
layer of glue is still intact downstream of the Each rib that separates the channels is sealed 
with glue on both sides. Due to exposure to flow from the filtrate and the chemical cleaning 
agents, the glue has started to separate from the ribs and hang freely in the channels. This 
creates opportunities for solids in the filtrate to aggregate and impede flow through the 
channels. 

Frayed Perm Pack 

The permeate packs located in each permeate side of membrane were observed to be split in 
numerous channels. The collapsed permeate channel can be seen to have two layers for each 
perm pack consisting of layer of white Polyether Sulfone membrane and brown strip. Not only 
are the permeate channels collapsed like the inlet filtrate channels, but the permeate channels 
are shown to have layers split apart. Figure 80 shows the picture of the permeate ports in the 
membrane module. The numerous chemical cleanings and intensive chemicals used in the 
cleanings could have led to the perm packs to split in the channels. The frayed perm pack is 
the most serious wear seen in the module since it creates an opportunity for solids and other 
particles to bypass the membrane into the permeate stream. 

Figure 80: Permeate Ports in Membrane Module 

 

Source: Edeniq, Inc.  
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Looking into the module permeate ports, the Perm Pack was observed to be split in numerous 
channels. At the ends of the module, an intact perm pack has two layers of white Polyether 
Sulfone membrane bound together by resin, the visible brown strip along the edge of each 
perm pack. In the case of a split perm pack, the ends fray and the brown resin can be seen 
entirely separate from the white Polyether Sulfone material. 

Collapsed Channels 

Looking into the inlet side of the retentate ports, some of the channels were collapsed and are 
probably impeding the flow of filtrate through the channels. Most of the collapsed channels 
were located in the middle of the membrane were biomass had previously clogged the 
membrane. Almost after each run, the three channels in the middle of the membrane are 
clogged, and a number of high intensity cleanings were conducted before CSP run 230 to 
remove the blockage and avoid the collection of biomass in the channels. The number of 
collapsed channels in this set of membranes is less when compared to the set membranes 
previously in the 11000 TFF holder during the CCM runs. Collapsed channels could have 
happened during the HMI losses causing pumps to stop working and biomass to be left in the 
recirculation loop. Figure 81 shows the several collapsed channels in the membrane. Greater 
equipment control and safeguards can prevent the collapsing of channels and prevent the 
blocking of further channels adjacent to the current collapsed channels and hopefully lead to 
less impeding flow of filtrate through the membrane.  

Figure 81: Several Collapsed Channels in Membrane 

 

Source: Edeniq, Inc. 
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Several collapsed channels were found when looking into the inlet retentate ports. They were 
identified by folded or bent perm packs, which block the mouth of adjacent channels. There 
were not many collapsed channels (compared to the number of frayed perm packs) but they 
are particularly problematic because they impede filtrate flow into the affected channel, 
effectively reducing the membrane surface area. 

Residual Yeast, Cleaning Process Inadequate 

A layer of dead yeast was caked to the resin in the retentate inlet ports, shown in Figure 82. 
The yeast has the appearance of a white powder. The powder was identified by scraping off a 
small quantity and examining it under a microscope, which revealed a large number of dead 
yeast cells. Small amounts of yeast were deposited in the retentate outlets as well as the 
permeate outlets. There were no yeast deposits in the retentate ports when the module was 
inspected in June; this is the first-time residual yeast has been observed in any of the TFF 
modules at Edeniq. This discovery coincides with yeast contamination in the TFF filtrate tank 
during the two pilot plant tests performed in August. A translucent white gel was expelled 
from the TFF after cleaning during those two runs, presumably a biofilm produced by the dead 
yeast found in the module. This residue indicates that our current cleaning methods are 
unable to completely remove the contaminants, and additional steps are necessary to sterilize 
the membrane. 

Figure 82: Dead Yeast Layer Caked into Resin in Retentate Inlet Ports 

 

Source: Edeniq, Inc.  
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Figure 82: A white powder was caked to the resin in the retentate ports on both ends of the 
module, though it was primarily at the inlet. Scrapings contained dead yeast cells when 
observed under a microscope. This is the first time that the dried yeast has been observed in a 
module, but it coincides with recent contamination in the filtrate tanks. 

Separating Plastic 

During reassembly of the holder, operations discovered that the plastic casing of the module 
was starting to separate from the membrane resin, shown in Figure 83. The exterior plastic 
separated from the resin at one corner on the inlet end of the membrane. The separated area 
is a 3-inch strip along the side of the module (in the direction of flow). The holder was rarely 
disassembled, so it is unlikely that the plastic was loosened by mechanical force alone. Rather, 
the resin sealing the exterior plastic to the rest of the module was likely softened by repeated 
cleanings, just like the delaminated glue on the channel ribs, until friction from sliding the 
module along holder pins pulled the layers of plastic apart. The holder was reassembled with 
the module despite the break. The TFF was then run with water at an inlet pressure of 20psi 
and flow rate of 225gpm. No leaks were observed, so tightening the holder was sufficient to 
seal the break. It was determined that the membrane is still intact and suitable for operation. 

Figure 83: Plastic Casing of Module Separating from Membrane Resin 

 

Source: Edeniq, Inc.  



 

 F-47 

Conclusions 

Based on the current appearance of the membrane, it can be concluded that Edeniq’s cleaning 
methods are able to effectively remove the biomass debris from the membrane. These 
cleaning techniques were able to penetrate and clear channels that were completely plugged, 
and chip away flakes of the film covering the Polyether Sulfone. A multitude of cleaning cycles 
was performed between inspections, so it cannot be determined exactly when or which 
cleaning removed the plugged material. Cleaning parameters must be varied to optimize the 
individual cleaning techniques. Further analysis of the post-cleaning water flux recovery is also 
required to determine whether it is more appropriate to soak the module before or after 
performing the caustic wash. Repeated cleanings did much more than just removes solids 
from the module. The apparent wear (in the form of delaminated glue, frayed perm packs, and 
separating plastic) is a strong indicator that Edeniq’s operating and cleaning cycles have done 
some damage to the module. Although the membrane is still intact (no leaks or bypasses), its 
condition is clearly worsening with use. Though there was residual yeast left on the 
membranes in Run #229. Improvements implemented for Run #235 eliminated that issue. 
More frequent visual inspections may be required to determine how repeated cleanings impact 
the integrity of the module. Separate cleaning studies may be needed to determine the 
chemical resistance of individual components of the module (such as the Polyether Sulfone, 
glue, resin). Lastly, based on these results for run time and cleaning time, it is suggested that 
one of the following designs be considered for a scaled-up facility. The first option is a parallel 
design with two TFF membranes installed to increase operating time by running one while 
cleaning the other. The second is based on the continued reduction in actual cleaning time and 
would involve adding a larger feed tank and storing the material while the TFF is being 
cleaned. A cost benefit analysis would need to be done at the design capacity to determine the 
better and more cost-effective solution. 

3.3.3 Initial Saccharification Auger Runs and Testing Without the Mix Auger 
Considerable work has been done during commissioning and early operation to determine the 
best way to operate the auger system. This work has been focused on both mechanically 
moving the thick slurry through the system and figuring out how to control the system to 
maintain the optimal process conditions. Once this work was complete, additional optimization 
runs were conducted varying the enzyme dosing and other parameters to try and increase the 
saccharification performance of the auger system. 

One of the first tests was to study how the motor speed and the angle of the auger effected 
the movement of material through the system. Initial commissioning tests were run with one 
auger to help determine how each individual auger would run. Initial runs were done at an 
auger pitch of 11°. However, at these relatively high pitches there were issues with the small 
volume that the auger could hold without overflowing. Therefore, the pitch was later 
decreased to 5°. The augers were operated at three different auger motor speeds and the 
time it took for the first set of solids to leave the first auger was recorded, shown in Figure 84. 
The change in pitch did not affect the time it took for the solids to move through the system. 
However, further changes in the auger pitch outside the 5° to 11° range may affect the solids 
flow rate. It was found that the solids velocity scaled linearly with the auger motor frequency. 
Additionally, the saccharification rate appeared to be lower at 6 Hz than it was at 10 or 25 Hz. 
There was no difference in saccharification rate for the 10 and 25 Hz auger speeds. Therefore, 
in additional runs augers have been operated at 15 Hz which corresponds to a 30 min 
residence time in each auger. 
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Figure 84: Movement of Material Based on Auger Speed 

 

Source: Edeniq, Inc. a.) Time for the “first drop” of solids from the single auger experiments. b.) Average 
speeds for the “first drop” solids in the single auger testing 
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The next important variables to test were the optimal pH and temperature for the enzymes, 
shown in Table 21 and 22. Several different enzymes were tested using the below procedure. 
Two enzymes were tested in the auger system as a result of these tests. 

Three parameters (in combination) were tested: (1) pH; (2) Temperature; and enzyme type (A 
or B). Enzyme controls will be 20 percent Enzyme A in pH 5 and 5.5 at 50C and 55C 

For Enzyme A: at 50 and 55C/150 rpm 

Table 21: Optimal pH and Temperature 

Solid% Saccharification temperature 
pH 

Enzyme A 5.0 Enzyme A 5.5 

12 50C 1,2,3 4,5,6 

12 55C 7,8,9 10,11,12 

Source: Edeniq, Inc.  

For enzyme B, Incubation 55C/150 rpm 

Table 22: Optimal pH and Temperature 

Solid% Saccharification 
temp 

pH 

Enz B 5.5 Enz B 6.0 Enz B 6.5 Enz B 7.0 Enz B 7.5 

12 55C 13,14,15 16,17,18 19,20,21 22,23,24 25,26,27 

12 60C 28,29,30 31,32,33 34,35,36 37,38,39 40,41,42 

Source: Edeniq, Inc. 

1. Pretreated bagasse preparation: Pretreatment was done in the pilot plant reactor using 
175C/40 mins. The target solid percent was 12 percent 

2. Amount of biomass in each reaction: 100 gm/ reaction 
3. pH: pH adjustment were done by using NH4OH at 12 percent biomass and diluted 

down to other desired solid concentration adding water (recheck the pH after dilution). 
4. Enzyme dosing: Freshly prepared Enzyme B was used in 10 percent of its concentration 

to the basis of glucan value. 
5. 5. RPM: 150 
6. Incubation temperature: 55 and 60C 
7. Control experiments were done using 20 percent Enzyme A, incubation temperature 

was 50 and 55C with the pH 5 and 5.5. 
8. Glucose and xylose release were recorded at 24, 48 and 72 hours (High-Performance 

Liquid Chromatography). 
9. pH was recorded at 24, 48 and 72 hours. 
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Results: 

In the first test of Enzyme B on bagasse, Enzyme B outperformed the Enzyme A in glucose 
release; showed 5 percent higher activity, shown in Figure 85. However, this enzyme showed 
poor activity in xylan hydrolysis. The optimal pH was found to be between 6 and 7 whereas 
the saccharification temperature was better above 55C. It was also observed that the 
saccharification process nearly stopped after the 24-hour time point. It was speculated that 
the drastic drops in pH of the saccharification mixture around or below 5, which is not the 
optimal pH condition for the enzymes to work, might have caused the slower catalysis after 24 
hours or earlier. 

Figure 85: Test of Enzyme B on Bagasse Saccharification 

 

Source: Edeniq, Inc. 

Figure 86 shows saccharification efficiency in different temperature (50, 55 and 60 C) and 
different pH (5, 5.5, 6, 6.5, 7 and 7.5) Y-axis represents the Glucose and xylose percentage 
(w/v) released during the saccharification process recorded by High-Performance Liquid 
Chromatography. 

Figure 86: Glucose (C6) Conversion Percent 

 

Source: Edeniq, Inc. 
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The efficiency in different temperature (50, 55 and 60 C) and different pH (5, 5.5, 6, 6.5, 7 
and 7.5) Y- axis represents the Glucose conversion percent during the saccharification process. 

After lab scale experiments determined that the appropriate pH and temperature combinations 
were 5.5 and 50°C for enzyme A and 5.5 – 6.5 and 55°C for enzyme B, the auger systems 
were tested for their ability to maintain these set points. In order to run enzyme B, Mg(OH)2 

was added to the mix auger (which is the first auger in the system) with the goal of controlling 
the pH above 6.0. Figure 87 indicates that after 2 hours at the start of the run where the pH 
was only 5.4, the pH remained between 5.7 and 6.8 in the mix auger the remainder of the 
run. Additionally, the pH in the saccharification augers and liquor tank in the second  part of 
the system remained between 5.9 and 6.3 for the entire run. This pH range was within the 
target range of 5.5 to 6.5. Although the pH was well controlled, the auger pH did spend 
considerable time away from the 5.5 value that the manufacturer of enzyme B reported as 
optimal. 

Figure 87: System pH as a Function of Different Points in Auger System 

 

Source: Edeniq, Inc.  

The system pH as a function of different points in the auger system during Run #234. The 
system was sampled, and the pH taken via a pH probe. Figure 87 indicates that the system was 
well controlled between a pH of 5.8 and 6.3 for the majority of the run by the addition of MgOH to 
the mix auger. 
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Besides pH, the system temperature was a critical parameter for obtaining auger performance. 
Generally, the auger system-maintained temperature to within 5°C of the set point. To operate 
at 50°C inside the augers, the jacket water had to be at a higher temperature. Typically, a 
jacket temperature between 65°C and 70°C had to be used to help make up for heat loss in 
the system. In general, the cooler outdoor temperatures (especially overnight) caused issues 
with the temperature controls in the saccharification augers which resulted in the need for a 
higher set point on the heating water. Figure 88 displays the temperature in the mix auger, 
auger 1, and auger 3 during Run #235.  In the mix auger and auger 1, the temperature is 
mostly under control with an average temperature of 50.8°C in the mix auger. There were a 
few data points that measured above 53°C and the temperature in the mix auger had to be 
monitored to ensure that it would not get too hot and have a negative effect on enzyme 
stability. In auger 1, the average temperature was 47.8°C, but during the middle of the run 
the temperature appeared out of control. During this time, the auger 3 temperatures were 
consistently above average and are very close to the target temperature of 50°C. At the end 
of the run, the temperature dropped to under 44°C which was due to the loss of power of the 
saccharification auger Temperature Control Unit at a runtime of t=164 hours. Auger 3 had a 
lower average temperature than auger 1 with an average of 47.2°C.  Auger 3 also had the 
deviation to much lower temperatures at the end of the run after the power outage. Additional 
causes of the lower average temperature of auger 3 may be the open door for the solids from 
the solid/liquid skid to enter the auger and the cooling of the solids as they pass through the 
S/L separation skid before entering back into the auger system in auger 3. Based upon the 
finding during these runs, additional insulation has been proposed to eliminate the swings in 
temperature that are seen due to outdoor temperatures. 
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Figure 88: Temperature in Mix Auger, Auger #1 and Auger #3 for Run 235 

 

 

 

 

 

 
Source: Edeniq, Inc. 
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Once the individual augers had been characterized, and the system had been proven to be 
operable and controllable at conditions necessary for saccharification, additional tests were 
performed to examine how the integrated system would work. 

3.3.3.1 Introduction 

The purpose of these tests was to test the auger hydrolysis system integrated with the solid 
liquid separation system and TFF system. These tests were designed to be short (up to 12 
hours), which was shorter than the time needed to reach equilibrium performance. 
Additionally, the focus of these tests was operability rather than overall product conversion. Of 
particular interest were the solids levels in the hydrolysis auger system and the sugars 
produced by the hydrolysis system. These tests were set up to provide a baseline of operation 
to enable longer runs that would reach steady state operation. It is anticipated that additional 
optimization would occur during these steady state runs. 

3.3.3.2 Materials and Methods 

The material for these four runs was pretreated in the CCM plant and transferred in 55-gallon 
drums to the auger system. Samples from each barrel were combined and the solids of this 
combination were measured 3 times. The average of these three measurements was assumed 
to be representative of the average total solids in all the drums. The CCM target for the 
batches was 16 percent solids. Additionally, the enzyme dosing was based upon the measured 
solids value and the 16 percent target. The D bags were used for run 10 while the G bags 
were used for the remaining runs (11-13). All runs were dosed with 20 percent Enzyme A with 
respect to glucan. A mass balance was performed at the final time point for each auger run to 
determine the yield. Additionally, a full mass balance was performed on run 13 at t = 8 hours. 
This result was compared to the t = 0 time point from the CCM plant. Note that the mass 
balance assumed that the mass that had not left the auger system was equally distributed in 
all four augers. The augers were insulated and had 67 °C heating water recirculating around 
each auger in a jacket. The temperatures inside the auger were typically measured to be 45 to 
50 °C with 50°C as the target. Figure 89 is a representation of the set up for the final run, run 
13. In run 13, sections 5 and 6 of Figure 88 were tested. 

During the runs 10 through 13, several additional unit operations were brought in with the 
augers. A pumping system was set up to pump the liquid coming out of the augers into a 
collection tank. The liquid was then pumped back into the augers. Manual valves permit the 
dosing of the liquid into any or all of the augers. From the auger, the liquid was run through a 
vibrating screen (SWECO). The solids that did not pass through the screen were rejected back 
into the auger system. The liquid was sent to a TFF system. In the TFF system, a 0.9 m2 
module containing a 150 kDa Polyether Sulfone membrane was utilized. The retentate was 
periodically recycled back into the auger system while the permeate was removed from the 
system. 

• Process for pH buffering in mix auger, control process, and data 
o Check Mix Auger pH by sampling Door 2 every 30 minutes during pretreatment (up 

to t=24). If measured pH is less than 6.0, add additional Mg(OH)2 to Door 1 of the 
Mix Auger using the steps below. Refer to the JSA for additional details and Personal 
Protective Equipment. 
 Weigh 500g of Mg(OH)2 into a tri-pour container under the fume hood. You may 

need to adjust the amount of Mg(OH)2 needed based on the current pH. 
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 Label the tri-pour and a sealable container. Place tri-pour in secondary container, 
seal it, and carry the Mg(OH)2 to the Mix Auger. 

 Place container on the scaffolding and climb ladder. 
 Pick up the sealed container. Remove lid and slowly pour Mg(OH)2 into the Mix 

Auger, evenly distributing it between each door. A dust mask may be required 
for this step. 

 Record time and quantity of Mg(OH)2 added in the Mix Auger pH Log. 
o Continue to adjust Mix Auger pH as necessary after designated 

sample times (t = 24 to 36 hours). 
• Fresh enzyme addition in mix auger, process, and data 

o Enzyme will be loaded in 8 doses, each at 20 percent w/w glucan. 
The eight doses will be loaded into the Mix Auger at time of each 
pretreat transfer. 

o Dose enzyme into the Mix Auger Door 1 at per batch target weight 
(g). Record actual enzyme weight added (g) in the Pretreatment 
Log. 

• Fresh enzyme split addition – mix auger and saccharification augers, process and data. 
o Enzyme will be loaded in 16 doses, each at 10 percent w/w glucan. 

The first eight doses will be loaded into the Mix Auger at time of 
each pretreat transfer. The following eight doses will be loaded into 
the liquor tank every four hours after completion of all pretreatment. 

o Dose enzyme into the Mix Auger Door 1 at per batch target weight 
(g). Record actual enzyme weight added (g) in the Pretreatment 
Log. 

o At t = 24 hours, dose enzyme to the Liquor Tank at per batch target 
weight (g). Record actual enzyme weight added (g) in the Enzyme 
Addition Log. Follow these steps when adding enzyme: 
 The Liquor Tank should be 1/2 full when the enzyme is added. You 

may need to stop sieving prior to enzyme addition so that the tank 
level doesn’t drop too low. 

 Close the four liquor recycle valves. Pour enzyme into Liquor Tank 
and recirculate for 5 minutes. 

 Check the fill level of Saccharification Auger 1. If there is room to 
add material, recycle enzyme-enriched liquor to Auger 1 only for 1 
minute. Stop recycling if the auger becomes full. Repeat this step 
for each saccharification auger. 
• Note: Open the liquor recycle valve 30 percent and open the backpressure 

valve 100 percent during recycle. Check to make sure that liquor is flowing 
back into the auger, not down the outlet. Turn down the Variable Frequency 
Drive on the liquor recirculation pump by 5 – 10 Hz during recycle if 
necessary.
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Figure 89: Edeniq Hydrolysis and Sugar Separation System Diagram 

 

Source: Edeniq, Inc.  

3.3.3.3 Results / Discussion 

Table 23 provides a summary of the runs including operating conditions, C5 and C6 sugars 
produced by weight, C5 and C6 final sugar concentration in the auger, and C5 and C6 yield. 
The solids in the system were controlled by the recycle water strategy. Figure 90 displays the 
solids in the auger during each of the runs. It was found that the auger system could remove 
enough water through the mesh at the bottom of the augers that solids concentrations 
between 22 percent and 25 percent were present in the auger during the saccharification. 
Therefore, it is reasonable to assume that with further optimization a solids feed of 25 percent 
to 30 percent solids could be saccharified in the auger system. 
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Table 23: Summary of System Runs 

 

Source: Edeniq, Inc.  
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Figure 90: Solids as a Function of Saccharification Time 

 

Source: Edeniq, Inc.  

Figure 91 illustrates the glucose and xylose concentrations in the augers during run 12. As the 
Figure illustrates, the sugar concentration in all 4 augers were similar, which is likely due to 
the recycle that was performed. Therefore, the system should begin to act like a Continuous 
Stirred Tank Reactor when equilibrium is reached. Therefore, Continuous Stirred Tank Reactor 
kinetic models can be used to predict behavior in the auger system. Additionally, the 
assumption that was made that all the mass was equally distributed in the 4 fours is valid 
because the sugar concentrations are basically the same in all four augers. The yields were 
fairly consistent after 10 or 12 hours of running time in the auger system with values between 
37 and 40 percent for glucose. The xylose yields were much higher with values of 68 percent 
to 83 percent in the same 10 to 12 hours of run time. 
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Figure 91: Glucose and Xylose Concentrations During Run 12 

 

Source: Edeniq, Inc.  

In order to look at the CCM as a comparison, the yield was calculated for the auger system at 
t = 8, which is an average residence time of 6 hours in the auger system. This should be 
directly comparable to the CCM plant at saccharification time =0. It was found that the C6 
yield was 30 percent at this point in the run in the auger system. This was between the two 
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yields (29 percent and 34 percent) seen in the CCM runs 177 and 187 that were randomly 
chosen for comparison. Therefore, it appears that the C6 yield is running at about the same 
speed over the first few hours as was seen in the CCM plant.  The C5 yield was much higher in 
the auger system at 75 percent after 8 hours. In comparison, the CCM values were 52 percent 
and 56 percent for runs 177 and 187, respectively. The 24-hour yields in the CCM plant were 
69 percent for both analyzed runs. Therefore, the C5 yield was already higher in 8 hours in the 
auger than it was after a 24 hours saccharification in the CCM. Therefore, the auger system 
shows the ability to have faster kinetics that the CCM. Possibly by changing the operating 
temperature or customizing the enzyme cocktail, the C6 reaction kinetics may be optimized to 
have the reaction time decrease quickly. 

3.3.3.4 Conclusions 

The auger systems were operated for 10 to 12 hour runs. The enzyme loading was set at 20 
percent Enzyme A with respect to glucan in the system. It was found that the C6 yield was 30 
percent after 8 hours in the auger and between 37 and 40 percent after 10 to 12 hours in the 
auger (depending upon the run). In comparison, the initial saccharification values for CCM 
were 29 percent and 34 percent in two analyzed runs. Therefore, the current kinetics of the 
auger system appears to be in line with the kinetics of the CCM for C6. It was found that the 
C5 yield was 75 percent after 8 hours in the auger and between 67 and 83 percent after 10 to 
12 hours in the auger (depending upon the run). In comparison the initial saccharification 
values for CCM were 52 percent and 56 percent in two analyzed runs. In fact, the 24-hour C5 
yield was only 69 percent for the CCM run that were analyzed. Therefore, the current kinetics 
of the auger system appears to be much faster than the kinetics of the CCM for C5 conversion. 
This fact suggests that the auger system has the potential to deliver faster C6 reaction kinetics 
than the CCM plant currently delivers. Finally, the solids in the augers were controlled between 
22 and 25 percent for multiple runs. This suggests that the auger system should currently be 
able to operate with a feed in this range and has the potential to run with even higher solids in 
the feed 

3.3.4 Initial Saccharification Runs with the Mix Auger 
3.3.4.1 Introduction 

After demonstrating that the entire integrated auger system was operable, a series of 
optimization experiments were performed to determine the optimal operating conditions. 
During this campaign, different enzyme doses, different feedstocks, different enzyme cocktails, 
and the use of additives were studied. These tests were set up to further provide a baseline of 
operation to enable longer runs that would reach steady state operation. It is anticipated that 
additional optimization would occur during these steady state runs. 

Materials and Methods 

The material for these runs was pretreated in the CCM plant and transferred to the auger 
system. The CCM target for the batches was 16 percent solids for corn stover runs and 12 
percent for bagasse runs. Additionally, the enzyme dosing was based upon the measured 
solids value and the target solids. All runs were dosed with enzyme in either the mixing auger 
only or a combination of the mixing auger and liquor tank. A mass balance was performed at 
the final time point for each auger run to determine the yield. The yield in the mixing auger 
was calculated using a steady state assumption and based upon the measured sugar 
concentration in the mixing auger. The augers were insulated and had 67 °C heating water 
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recirculating around each auger in a jacket. The temperatures inside the auger were typically 
measured to be 45 to 50 °C with 50°C as the target. 

Two enzyme cocktails labelled as A and B were tested. The enzyme A was dosed between 20 
and 50 percent (mass of enzyme to weight of glucan) while enzyme B was run at a 10 percent 
dosing (mass of enzyme to weight of glucan), which was found to have a comparable activity 
in lab scale experiments. Additionally, split dosing experiments were performed where the 
dose was split evenly between the mixing auger and the liquor tank. Finally, in this campaign, 
tests were started using bagasse as an alternative feedstock. Additionally, an additive was 
used with the bagasse runs to further increase the enzyme activity and observed yield 

Results 

Figure 92 illustrates the effect of varying the enzyme dosing on runs using corn stover. As the 
Figures illustrate the total yield increase from 57 percent to 94 percent by increasing the 
enzyme dose from 20 percent to 50 percent. Additionally, the conversion in just the mix auger 
was examined in Figure 92. As these Figures show, as the enzyme concentration increases, 
the glucose conversion increases. As with the total system conversion, the increase in yields is 
not linear with the increase in enzyme dosing. This dimensioning returns with higher enzyme 
dosing is consistent with observed dosing curves shown at the bench scale. Another key point 
from these auger runs is that it is shown that with a high enough enzyme dose, the 
pretreatment is sufficient to have very high yields as a 94 percent yield was observed at 50 
percent enzyme dosing. Therefore, with efficient recycle of enzymes, these high yields should 
be possible at lower than 50 percent enzyme doses. 
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Figure 92: Effects of Enzyme Dosing Using Corn Stover 

 

Source: Edeniq, Inc. 

In Figure 92, the arrows point out two auger runs where the enzyme dose was split between 
the mix auger and the liquor tank. In both cases, the yield from the split dose was higher than 
the yield from dosing the entire enzyme in one place. The cause for this increase in not fully 
understood as enzyme cocktails are very complex having many different enzymes in them. 
However, it is consistent with the data that one or more enzymes that may have very high 
activity but low stability are quickly exhausted when the entire enzyme is dosed in one place in 
the system. For the case of 20 percent total enzyme dosing, the increase from splitting the 
dose was 
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from 57 percent to 67 percent. For the case of 50 percent total enzyme dosing, the increase 
from splitting the dose was from 94 percent to 96 percent. 

As there are many different commercial suppliers of enzymes, one of the goals of this 
campaign was to look at an additional enzyme cocktail, enzyme B, that had better results at 
lab scale, in the auger system. 

Two changes were made in the auger operating conditions in response to the change from 
Enzyme A to Enzyme B, which were the temperature and pH of the system, shown in Figure 
93. The temperature set point was increased 5°C on the augers to increase the system 
temperature from 48 to 50°C to 53 to 55°C. Additionally, Mg(OH)2 was added to the mix auger 
(which is the first auger in the system) with the goal of controlling the pH above 6.0. Figure 93 
indicates that after 2 hours at the start of the run where the pH was only 5.4, the pH 
remained between 5.7 and 6.8 in the mix auger the remainder of the run. Additionally, the pH 
in the saccharification augers and liquor tank in the 2nd part of the system remained between 
5.9 and 6.3 for the entire run. This pH range was within the target range of 5.5 to 6.5. 
Although the pH was well controlled, the auger pH did spend considerable time away from the 
5.5 value that the supplier reported as optimal. 

Figure 93: System pH as a Function of Run Time 

 

Source: Edeniq, Inc. 
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The system pH as a function of time at different points in the auger system during Run #234. 
The system was sampled, and the pH taken via a pH probe. Figure 93 indicates that the system 
was well controlled between a pH of 5.8 and 6.3 for the majority of the run by the addition of 
MgOH to the mix auger. 

Table 24 provides a comparison of the yields of runs 233 and 234. Run #233 with Enzyme A 
had a 45 percent overall, which was 6 percent better than the 24-hour shake flasks run with 
the same enzyme dosing. In contrast to this outperformance in Run #233, Run #234 with 
Enzyme B underperformed the shake flasks. Run #234 had a yield of 36 percent while the 
shake flasks had a yield of 49 percent with the same dosing. The difference in performance is 
evident in the auger sugar concentrations. Because the feedstock was from the same lot (and 
thus assumed to have the same glucan) and the solids loading was close to the same (11.2 
percent and 10.6 percent for Runs #233 and Run#234, respectively), the decrease in the final 
auger from 2.9 percent to 1.9 percent w/v glucose was striking. Further study of Figure 94 
indicates that the sugar concentration for Run #234 using Enzyme B was higher in the mix 
auger than in Run #233 using Enzyme A for the first 36 hours of the run. This higher 
concentration suggests that the Enzyme B cocktail initially had faster reaction kinetics than the 
Enzyme A cocktail. However, once the biomass reached the saccharification augers, the 
glucose concentration increased from 1.6 percent to 2.9 percent during Run #233 and only 
increased from 1.6 percent to 1.9 percent during Run #234. These data indicate that the 
reaction kinetics slowed down greatly for the Enzyme B cocktail after longer run times while 
the saccharification continued using the Enzyme A cocktail. The slope of the glucose increase 
in the saccharification augers indicates that the rate of glucose formation was 3.1x faster 
during Run #233 than in Run#234. 

Table 24: Comparisons of Yields from Runs 233 and 234 
 

 

Source: Edeniq, Inc. 
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Figure 94: Sugar Concentration of Run 233 and 234 

 

Source: Edeniq, Inc. 

Sugar concentration during Run #233 and Run #234 in the mix auger (1st reaction auger) and 
auger 4, which is part of 2nd group of reaction augers. 

Enzyme assays for the exoglucanase activity indicated that the Enzyme B Run #234 dosed 
close to 3x the exoglucanase activity than in Enzyme A Run #233, shown in Figure 95. 
However, the Enzyme B activity had reduced to just 10 percent of the original added activity in 
the first 24 hours. In contrast, the Enzyme A activity was still at 30 percent after 36 hours. 
Therefore, towards the end of the time in the mix auger, Run #233 had higher exoglucanase 
activity than Run #234 despite a much lower initial dosing. This lower activity explains how 
the mix auger glucose concentration during Run #233 appears to catch up to the 
concentration during Run #234. Figure 96 indicates that the measured exoglucanase activity in 
the saccharification augers (as measured in the auger 4 outlet sample) were slightly lower for 
Run #234 than in Run #233, similar as to what was seen after 24 hours in the mixing auger. 
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Figure 95: Exoglucanase Activity in Mix Auger Between Run 233 and 234 

 

Source: Edeniq, Inc.  

Figure 96: Exoglucanase Activity in Auger 4 Outlet Between Run 233 and 234 

 

Source: Edeniq, Inc.  
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The lower production of the Enzyme B in the pilot scale auger system was unexpected as 
shake flask studies with Enzyme B routinely have outperformed shake flask studies with 
Enzyme A. Several possible reasons were considered for this behavior: 

• Enzyme B cocktail (or a key enzyme that contributes to the exoglucanase) was less 
stable than the Enzyme A cocktail. 

• The higher quantity of Mg(OH)2 added to the mix auger to control the pH decreased 
the effectiveness of Enzyme B. 

• An additive such as CuSO4 was needed in the pilot scale for the Enzyme B to meet its 
shake flask performance. 

• The process pH, while under control, may not have been optimal for Enzyme B4. 
• The process temperature may not have been as well controlled as in shake-flasks. 
• There is a currently unknown process condition that is contributing to the poor Enzyme 

B performance in the auger system. 
A final campaign as performed using bagasse and additive to increase the saccharification 
efficiency of the enzymes. In these tests, the additive was dosed in the mixing auger 
immediately before adding the enzyme. Table 25 indicates that the additive increased the 
conversion from the auger from 45 percent in the control run to 55 percent in the run using 
additive. Based upon these data, the use of the additive could prove to be an economically 
viable method to increase auger yield or decrease enzyme usage in the auger system. 

Table 25: Change in Auger Conversion with Additive 

 

 
Source: Edeniq, Inc. 

3.3.4.4 Conclusion 

Based upon the learning in these experiments several suggestions were made for further 
experiments using the auger system. First, splitting the enzyme dose may greatly increase the 
yield in the auger system. Second, the use of additive has a positive impact and yield and 
should be further studied in additional runs. Third, enzyme A is currently a better choice than 
enzyme B for use in the auger system, which is the opposite of what was seen in the shake 
flasks. Therefore, additional auger runs should be used to test promising enzymes to ensure 
that their higher activity scales up to the pilot plant.  
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3.3.5 200 Hour Run with Specific Objectives with Respect To TFF, Enzyme 
Recycle and Additives 
3.3.5.1 Introduction 

After finishing several campaigns to determine that the auger system was operable and to 
determine the optimal enzyme dosage level and method of dosing, a 200-hour run of the 
auger system and solid / liquid separation system was conducted to determine the baseline 
operation using recycle. 

3.3.5.2 Material and Methods: 

Run conditions for Run #235 are shown in Table 26. 

Table 26: Selected Run Parameters for Run #235 in the Continuous Auger System 

Run Number 235 

Date 08 Oct – 18 Oct 2013 

Enzyme Enzyme A 

Enzyme Dosing 20% w/w glucan 

Dosing Location Mixing Auger 

# of PT Batches 24 

Feedstock Type Bagasse Bag H 

Feedstock 
Preprocessing 

 

250 µm < feed < 3 mm 

Feedstock Quantity 80.7 kg dry solids / batch 

Target Run Time 195 hrs. of Saccharification Auger Run Time 

pH Target 5.5 Flash Tank, target of 5.0 in mixing auger 

Temperature 
Target 50°C 

Source: Edeniq, Inc.  

3.3.5.3 Results 

3.3.5.3.1 Mass Balances 

The overall mass and solids mass balances are shown in Figures 97 and 98 and Table 27. The 
overall mass balanced closed to within 0.03 percent. However, the solids mass balance was 
missing 17 percent of the solids even after volatiles including the inhibitors and acetic acid 
were accounted for in the missing solids. Examining the component mass balances for 
glucan/glucose and xylan/xylose indicates a total conversion of 56 percent for glucose and 67 
percent for xylose. The overall glucose yield out the TFF was 44 percent and the xylose yield 
was 52 percent. These ratios result in a glucose recovery of 78 percent and a xylose recovery 
of 79 percent. A mass balance on the glucan and xylan indicated that only 71 percent of each 
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of the carbohydrate (on a molar basis) that was fed into the system was recovered in either 
the permeate, filtrate, final solids, or in the estimated solids/losses. This is an important 
finding because the “effective glucose conversion” would be 79 percent if some of the glucan 
is being destroyed in pretreatment (PT) and is not available for conversion into glucose during 
the saccharification. In previous runs with corn stover (such as Run#19) the glucan/glucose 
balance closed to within 10 percent while the xylan/xylose balance typically has not closed as 
well presumably due to xylan conversion to inhibitors during PT. As the compositions have 
come back for additional bagasse runs, it is recommended that the glucan and xylan mass 
balances should be studied to examine if the PT is destroying sugars or if oligomers are being 
created (and possibly lost from the system in the TFF) but not converted into glucose and 
xylose. 

Figure 97: Total Mass Balance of Material in and out of System 

 

 
Source: Edeniq, Inc.  
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Figure 98: Composition of Solids in and out of System 

 

Source: Edeniq, Inc. 

Table 27: Overall System Mass Balance for Run 235 

Location Total kg Total 
Solids kg 

Water 
kg 

Other Solids 
kg 

Glucan 
kg 

Xylan 
kg 

Glucose 
kg 

Xylose 
kg 

Volatiles 
kg 

In PT 16690 1931 14759 811 753 367 0 0 0 

Permeate 13645 858 12787 203 0 0 367 219 68 

Filtrate 1690 291 1399 133 41 5 48 28 35 

Final Solids 213 61 152 26 20 3 6.8 3.7 0.9 

Samples/Losses 1148 288 861 211 53 6 10 5.9 1.5 

Source: Edeniq, Inc.  

3.3.5.3.2 CSP Charts 

Figures 99-107 display the control charts for solids, glucose, and temperature in different parts 
of the system during the 200-hour run. Figures 99, 100, and 101 illustrate that the average 
measured solids were 11.0 percent in the mix auger, 15.5 percent in auger 4, and 11.5 
percent in the TFF filtrate tank. Additionally, the measured solids in the system were mostly 
well controlled in the mix auger and the auger 4.  In the filtrate tank the solids tended to be 
above the average for long periods of time and thus show up as out of control. This long 
period of being out of control is likely due to the concentration of solids in the TFF feed tank as 
the TFF system is operating. 
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Figure 99: Mix Auger Outlet Solids 

 

Source: Edeniq, Inc.  

Figure 100: Auger 4 Outlet  Percent Solids 

 

Source: Edeniq, Inc. 

Figure 101: Tangential Flow Filtration Tank Percent Solids 

 

Source: Edeniq, Inc.  
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Figures 102, 103, and 104 display that the glucose concentration is mostly well controlled 
during the run. In contrast, Auger 4 had an out of control point at around 78 hours where the 
concentration dropped from 3.3 percent to 2.5 percent. This period corresponds to the time 
just after the completion of the recycle of filtrate material back into the auger 4. The 
concentration remained low until the next recycle of filtrate began. Although not conclusive, 
the glucose concentration increase after the filtrate recycle supports the hypothesis that 
enzyme recycle will help drive an increase in yield. For the remainder of the run, the auger 4 
glucose concentration remained in control until the system approached the end of the run. 
Dramatic changes in the sugar concentrate were not seen again in association with the filtrate 
recycle as was observed after the first few recycles. In contrast to both the mix auger and 
auger 4, the TFF filtrate tank had a much narrower band and tended to trend above or below 
the average and thus was out of control for much of the process. These shifts are again likely 
due to TFF operation and should try to be further understood so that higher glucose 
concentrations in the TFF filtrate tank can be achieved. Based upon the measured 11.7 
percent solids loading and 39 percent glucan composition, the mix auger had an average 
conversion of 34 percent (1.72/5.07), the saccharification augers had an average conversion 
of 22 percent, and the TFF filtrate tank had an average conversion of 3 percent. This adds up 
to a total conversion based upon the average glucose in the TFF filtrate tank of 59 percent, 
which is close  to the calculated conversion of 56 percent based upon the glucan mass 
balance. 
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Figure 102:  Mix Auger Outlet Glucose 

 

Source: Edeniq, Inc. 

Figure 103: Auger 4 Outlet Glucose 

 

Source: Edeniq, Inc.  

Figure 104: X Tangential Flow Filtration Tank Glucose 

 

Source: Edeniq, Inc.
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In general, the cooler outdoor temperatures (especially overnight) caused issues with the 
temperature controls in the saccharification augers. Figures 105, 106, and 107 display the 
temperature in the mix auger, auger 1, and auger 3. In the mix auger and auger 1, the 
temperature is mostly under control with an average temperature of 50.8°C in the mix auger. 
There were a few data points that measured above 53°C and the temperature in the mix 
auger needs to be monitored to ensure that it does not get too hot and have a poor effect on 
enzyme stability. In auger 1, the average temperature was 47.8°C, but during the middle of 
the run the temperature appears out of control. During this time, the auger 3 temperatures 
are consistently above average and are very close to the target temperature of 50°C. At the 
end of the run, the temperature dropped to under 44°C which was due to the loss of power of 
the saccharification auger Temperature Control Unit at a runtime of t=164 hours. Auger 3 had 
a lower average temperature than auger 1 with an average of 47.2°C. Auger 3 also had the 
deviation to much lower temperatures at the end of the run after the power outage. Additional 
causes of the lower average temperature of auger 3 may be the open door for the solids from 
the solid/liquid skid to enter the auger and the cooling of the solids as they pass through the 
S/L separation skid before entering back into the auger system in auger 3.
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Figure 105: Mix Auger Temperature of Run 235 

 

Source: Edeniq, Inc.  

Figure 106: Auger #1 Temperature for Run 235 

 

Source: Edeniq, Inc.  

Figure 107: Auger #3 Temperature Run 235 

 

Source: Edeniq, Inc. 
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3.3.5.3.3 Process Flows / Residence Time 

The flows of total mass, solids, and glucan/glucose are shown in Figures 108, 109, and 110. 
During days 4 through 7, the total mass in and out of the system was roughly constant as 
evidenced by the leveling off of the triangles in Figure 108. The mean value and standard 
deviation for these four “steady state” days is 7520±250 kg for total mass, 1160±120 kg for 
solids, 6360±320 kg for water, and 452±46 kg for glucan/glucose. Using this data, the 
average retention time can be calculated by dividing the quantity of material in the system by 
the material added to the system.  Performing this calculation yields the following residence 
times:  90.0±4.0 hours overall, 86.7±5.1 hours for water, 114±12 hours for all the solids, and 
115±12 hours for the glucan and glucose. 

Figure 108: Daily Total Mass 

 

Source: Edeniq, Inc.  
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Figure 109: Daily Solids Mass 

 

Source: Edeniq, Inc.  

Figure 110: Daily Glucan Mass 

 

Source: Edeniq, Inc. 
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There are several important points to these numbers. First, the water has a lower residence 
time than the overall material and the solids have a longer residence time than overall 
material. Because the CSP charts demonstrate that the solids in the saccharification augers are 
higher than in the feed, this difference is expected. Additionally, these differences can be 
further exploited by lowering the overall residence time while keeping the residence time of 
the reactive solids and enzymes at the higher residence time. Second, when the volumes of 
each reaction vessel are measured, the calculated retention time is less than in the calculation 
above based upon the process flows. Based upon the volumes in the mix auger (720 gal), 
saccharification augers and liquor tank (392 gal), filtration tank (492 gal) and an average of 
540 gal/day of feed, the calculated retention time is only 71 hours compared to 90 hours 
above. Note that the calculated volume of the system of 1604 gals equates to a mass of 6200 
kg (using density of 1.02), which is about 1300 kg less than the mass in the system calculated 
above. Although the volumes in the vessels may be higher than calculated, it is not likely the 
volumes are 400 gal too high, so this deviation needs to be further explored in additional runs. 
Finally, because solids were being accumulated in the system, the expected solids 
concentration in the saccharification augers would be 1.2x to 2.0x the initial loading into the 
system during the first 8 days and increase to 3X once the feed into the auger stopped, shown 
in Figure 111. 

Figure 111: Calculated Increased Solid Levels in Auger System 

 

Source: Edeniq, Inc. 

3.3.5.3.4 Enzyme / Additive Concentrations 

One of the keys to the run was demonstrating that the Additive and enzyme could be 
concentrated in the TFF and recycled back to the auger system. Figure 112 illustrates the 
measured Additive concentrations in the mix auger (without any recycle) and the 
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saccharification augers which did have recycle. The measured Additive concentration in the 
saccharification augers averaged 1.4 times the concentration in the mixing auger. This value is 
in the same range as the 1.2X to 2.0X increase in solids concentration that was predicted 
looking at the process flow rates which may indicate that the Additive is concentrated in a 
similar manner as the solids. The concentration of Additive in the filtrate and permeate tanks 
at the end of selected TFF cycles is shown in Figure 113. The concentration of Additive in the 
filtrate tank (or concentrate) was typically 9x the concentration in the permeate. Summing up 
the Additive concentration from each permeate batch indicated that 2.5 kg of the 39.2 kg of 
Additive added to the system was lost in the permeate. This equates to losses of 6.3 percent 
of the initial Additive out the permeate, which is much less than the over 80 percent of total 
mass that exited the system through the TFF membrane. 

Figure 112: Additive Concentrations in Mix Auger 

 

Source: Edeniq, Inc. 
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Figure 113: Additive in Filtrate and Permeate Tanks 

 

Source: Edeniq, Inc. 

Figure 114 illustrates the BG concentration in the TFF permeate and TFF concentrate during 
various TFF cycles operated during Run #235. In all cases, the TFF concentrate had much 
higher BG activity than the permeate contained. Averaging the 5 cycles upon which enzyme 
activity assays were performed, an average of 4 percent of the original BG activity passed 
through the filter. The TFF filtrate had 26 percent of the original enzyme activity. The contents 
of this tank could then be recycled back to the start of the process to increase the overall 
enzyme concentration in the system. These data confirm that the TFF recycle was retaining BG 
in addition to the Additive and that the opportunity exists to “reuse” or “recycle” the enzymes. 
Additional enzyme assays on the endoglucanase and exoglucanase are still in progress, and it 
is recommended that these results are supplemented to this report once they are complete. 
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Figure 114: β-glucosidase Concentration in Tangential Flow Filtration Permeate 
and Concentrate 

 

Source: Edeniq, Inc.  

3.3.5.3.5 Solids Output 

One large change seen in Run #235 using bagasse versus Run #229 using earlage was the 
lack of slurry solids produced during the run. One reason for this lack of slurry solids was that 
the solids loading during Run #235 was much less than the load for Run #229. Each 
pretreatment (PT) batch had a 12 percent target for Run #235 versus a 16 percent target for 
Run #229. Additionally, Run #229 had 42 PT batches compared to only 24 PT batches during 
Run #235. The overall change in solids loading was 1931 kg for Run #235 versus 4851 kg 
during Run #229. A second reason for the lack of solids was the longer residence time in Run 
#235 giving the solids additional time to liquefy when compared to early runs.  A final reason 
for less solids was the addition of Additive to the run. When the Additive had been added, it 
was seen to increase the rate at which the solids liquefied. 

The final lignin concentration of the solids left in the augers was found to be 44 percent at 
t=180. This lignin value is a 2.1x concentration from the starting value of 20.3 percent. The 
final TFF retentate pellet (this is where the TFF concentrate was centrifuged before solids 
analysis) had a lignin value of 53 percent, which was a 2.7x concentration from the initial 
value. Note that these values are in the same range of concentration values for days 8 and 9 
calculated in section 3 above for the solids concentrations of 2.0x and 2.6x for days 8 and 9, 
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respectively. Additionally, the final glucan value in the saccharification augers was 18.6 
percent. Assuming steady state and based upon the starting value of 39.0 percent used in 
these calculations, one obtains a yield of 52 percent, which is close to the reported yield based 
upon the glucose produced of 56 percent. The final glucan value in the TFF filtrate was 14 
percent of the spun down solids. 

3.3.5.3.6 TFF Operation 

TFF operations during CSP Run 235, shown in Table 28, consisted of 9 filtration cycles that 
generated a total of 3504.5gal permeate liquor. This value represents 82 percent of the liquid 
that was fed into the system and in contrast to Run #229, the TFF was able to keep up the 
liquid produced and additional tankage for filtrate was not required. The total filter uptime was 
60:08 hours, or 31.7 percent of the total CSP run time after the TFF was first started 60:53 
into the run. Total TFF cleaning time was 70:55 hours. Key figures for each filtration cycle are 
shown in Table 28. The net flux, which was calculated from the total amount of permeate 
generated over the filtration period, varied between cycles. This variation was the result of 
differences in filtrate solids (average solids and pellet weight), initial cleanliness (Clean Water 
Flux and Normalized Clean Water Flux), and operating pressures. The net flux was high for 
early filter cycles but remained between 10 Liter per Square Meter per Hour and 20 Liter per 
Square Meter per Hour for most of the run. Insoluble solids accumulated in the TFF feed over 
the course of Run 235 as the concentrate was recycled back to the augers during TFF 
operation. The TFF was typically shut down for cleaning when the concentrate pellet weight 
was between 35 percent and 40 percent. The clean water flux was measured at the start of 
each filtration cycle as a metric for membrane cleanness. Although overall Clean Water Flux 
recovery was relatively low during the middle of the run, it was consistent across cycles 3 – 8. 
Improving the cleaning efficiency should increase the process efficiency during the run. 

Table 28: Selected Tangential Flow Filtration Cycle Parameters from Run 235 

Cycle 
CSP Start 

Time 

Duration 

(hours) 

Perm 
Gen 

(gal) 

Net Flux 

(LMH) 

CWF 

(LMH) 

NCWF 

(LMHP) 

Avg 
Solids 

(%) 

Avg Pellet 

(%) 

Max Pellet 

(%) 

1 60:53:00 3:07 714.4 88.42 284.7 35 15.2 42 67.4 

2 102:40:00 6:10 672.2 42.05 116.3 10.2 11.7 29.4 37.9 

3 123:38:00 8:45 343.5 15.14 79.6 4.6 13.6 32.4 34 

4 137:45:00 5:09 173.9 13.03 64.3 5.9 15.3 38.9 42.2 

5 154:35:00 5:52 384.1 25.25 76.5 6 14.2 34 37.6 

6 164:09:00 4:04 155.3 14.73 91.8 8.4 14.4 36.4 38.3 

7 172:22:00 8:57 316.1 13.62 58.2 5.6 12.6 34.7 38.4 

8 187:54:00 14:29 594.6 15.84 82.7 7.4 13.5 34.4 40.2 

9 247:08:00 3:35 156.2 16.82 171.4 16.3 16.8 52.2 61 

Source: Edeniq, Inc.  
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3.3.5.3.7 Clean in Place 

In the previous long run #229, considerable Ethanol and lactic acid was observed for long 
periods of the run. To battle the contamination that was observed, the outside tanks were 
heated to maintain the desired saccharification temperature of 50°C. Also, the Clean in Place 
procedures were changed to ensure that the tanks and vessels were cleaned before the run 
started. In contrast to Run #229, no Ethanol was observed in the filtrate tank until the very 
end of the run. Additionally, the Ethanol in the filtrate tank only occurred after the 
temperature in the tank dropped due to a problem with the pump and heat exchanger on the 
tank. Therefore, keeping the process at an elevated temperature appears to minimize the 
chance of contamination and is recommended for Brazil and other plants going forward. 

3.3.5.4 Conclusions 

A 204-hour run was completed on the continuous auger system using bagasse as a feedstock. 
An enzyme dosing of 20 percent Enzyme A and an additive dosing of 2 percent additive were 
used.  The run was successfully operated with a C6 conversion of 56 percent, a C6 TFF recovery 
of 78 percent, and an overall yield of 44 percent. Based upon the flows into and out of the 
system, an overall residence time of 90 hours was calculated. The solids had a longer 
residence time of 114 hours while the liquids had a lower residence time of 86.7 hours. 

The recycle of enzymes and Additive were monitored using assays of the TFF concentrate and 
permeate to determine the effectiveness of recycle. The BG enzyme assay indicated that the 
25 to 35 percent of the original enzyme activity could be recycled and that less than 4 percent 
of the original activity was lost out the permeate. Additive recycle assays indicated that the 
concentration of Additive in the liquid fraction in the mix augers increased by an average of 
1.4X. 

One surprising finding was that no slurry solids had to be removed from the system. 
Obviously, some of the solids were removed from the system out the TFF after being 
converted to sugars. However, the solids in the auger system and filtrate tank (or the TFF feed 
tank) were consistently being increased during the run. Eventually, slurry solids would need to 
be purged from the system to truly hit a steady state run. 

In a previous long run (#229), considerable Ethanol and lactic acid were observed in the 
system due to fermentation happening in the system. In this run, very little Ethanol and lactic 
acid were seen, which indicates that the measures taken to lessen contamination were 
successful for this run. 

Several important conclusions can be drawn from this run. First, the enzymes and Additive 
were measured to be concentrated by the TFF. The Additive had a measured increase in 
concentration of 1.4X. These indicate that the recycle strategies of using the auger and TFF 
are feasible and continued optimization of these streams should be completed via both 
modeling and experimental runs. Second, the recovery numbers increased greatly when 
performing a long run with the TFF sized to permit effective removal of most of the material 
that is fed into the system. However, additional strategies need to be developed to recover the 
additional 22 percent of sugars that are produced. Third, the measures taken to reduce 
contamination were successful for this run as very little Ethanol and lactic acid were observed 
during the run and monitoring of the contamination should be continued to ensure that 
additional steps are not needed. Finally, additional longer runs with higher solids feed are 
needed to determine the optimal solids removal step from the system. 
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3.3.6 Enzyme Assay Work Measuring Enzyme Activity 
3.3.6.1 Background 

Application of enzyme assay protocols to assess the functioning of enzymes over time in the 
pilot trials is part of our core technology and enables us to understand enzyme performance in 
terms of activity, durability and partitioning behavior. We have developed protocols to prepare 
samples collected during the pilot trials for enzyme activity assays and measure activities of 
component enzymes in a cellulase cocktail including endoglucanase, exoglucanase and β- 
glucosidase activities. Implementing these protocols, we compared enzyme performance 
between pilot trials with and without the use of polymer additives and between pilot trials 
using different cellulase products. 

3.3.6.2 Objectives 

• Develop standard procedure to prepare biomass samples for enzyme activity assays and 
measure various types of enzyme activity in a high-throughput format. 
o Sample preparation procedure including liquid/solid separation, enzyme desorption 

from the solid fraction, and enzyme diafiltration 
o Microplate-based azo-CM-Cellulose (azo-CMC) assay to measure endoglucanase 

activity 
o Microplate-based p-nitrophenyl-β-D-lactopyranoside (pNPL) assay to measure 

exoglucanase activity 
o Microplate-based p-nitrophenyl-β-D-glucopyranoside (pNPG) assay to measure β- 

glucosidase activity 
• Understand the impact of polymer additive on cellulase cocktail 

o Pilot trial without additive: run 233 
o Pilot trial with additive: run 232 and 235 

• Compare the performance of different cellulase products 
o Pilot trial using cellulase A: run 233 
o Pilot trial using cellulase B: run 234 

3.3.6.3 Methodology 

Bagasse samples collected from Run 232-235 were centrifuged to separate the liquid and solid 
fractions. The liquid fraction was diafiltered before enzyme activity assays. Enzyme from the 
solid fraction was recovered via a desorption process. The recovered enzyme in the desorption 
buffer was diafiltered before enzyme activity assays. To determine the initial enzyme activities 
and other parameters required for calculation, such as loss during diafiltration and correction 
factors due to the presence of polymer or surfactant, a set of control samples using enzyme, 
polymer and surfactant with the same dose as used in the pilot trials or sample preparation 
procedure were prepared for enzyme activity measurement. For all the bagasse and control 
samples, microplate-based azo-CMC assay, pNPL assay and pNPG assay were used to measure 
endoglucanase (Endo) activity, exoglucanase (Exo) activity and BG activity, respectively. The 
solid and liquid fractions were measured separately in terms of units per milliliter. The total 
units of these two fractions in terms of units were calculated based on the volume of these 
two fractions respectively. Three parameters are reported in this report: 1) enzyme activity in 
units/g calculated as the total units divided by the weight of the original sample received; 2) 
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residual enzyme activity in percentage calculated as the enzyme activity divided by the initial 
enzyme activity; and 3) enzyme activity in the liquid fraction in percentage calculated as units 
in the liquid fraction divided by the total units. 

3.3.6.3.1 Results and Discussion 

Impact of the Use of Polymer Additive 

In this report, results obtained from the mix auger will be used as examples to show the 
impact of the use of polymer-1 (P-1) on cellulase product A in five aspects including enzyme 
activity, enzyme durability, enzyme partition, activity ratios, and enzyme recycle. 

Impact of P-1 on cellulase activities 

The impact of P-1 on cellulase activities can be shown by the results from the control 
experiment in the absence of biomass, shown in Table 29. There was no statistically significant 
difference in the endoglucanase activity with or without P-1. On the other hand, the addition 
of P-1 significantly enhanced exoglucanase activity (1.9X) and BG activity (2.0X). These results 
indicate that P-1 affected different cellulase activities differently and the apparent enzyme 
activities added to bagasse were actually higher for the auger runs with P-1 (#232 and #235). 

Table 29: Enzyme Activities of Cellulase A with and without the Use of Polymer 
Additive 

Sample Endo CMC 
units/mL 

Enhancing 
Factor 

Exo pNPL 
units/mL 

Enhancing 
Factor 

BG pNPG 
units/mL 

Enhancing 
Factor 

Cellulase A 746 ± 27 1.0 

(p = 
0.244) 

14 ± 1 1.9 

(p = 
0.001) 

419 ± 42 2.0 

(p = 
0.007) 

Cellulase A +  
P-1 

779 ± 69 26 ± 2 818 ± 161 

Source: Edeniq, Inc. P values shown were obtained using t-test. 

Changes of cellulase activities over time in the mix auger are shown in Figures 115, 116 and 
117. Higher cellulase activities including endoglucanase, exoglucanase and BG activities were 
observed in the presence of P-1. The overestimation of BG activity in run 232 may be caused 
by inconsistent sampling. 
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Figure 115: Change of Endoglucanase Activity in Mix Auger 

 

Source: Edeniq, Inc.  

Figure 116: Change of Exoglucanase Activity in Mix Auger 

 

Source: Edeniq, Inc.  
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Figure 117: Change of β-glucosidase Activity in Mix Auger 

 

Source: Edeniq, Inc.  

Impact of P-1 on Residual Cellulase Activities 

Cellulase activities are decreasing during saccharification due to thermal denaturation of 
cellulases, irreversible binding of cellulases to the solid substrate, etc. In this work, residual 
cellulase activity relative to the initial cellulase activity was used to evaluate durability of 
cellulases during saccharification regardless of the initial activities. It was observed that P-1 
enhanced the residual activities of endoglucanase and BG, shown in Figures 118 and 120, but 
not exoglucanase, shown in Figure 119 in the mix auger. However, P-1 was observed to be 
able to enhance exoglucanase activity in samples collected from other operation units (data 
not shown). 
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Figure 118: Change of Residual Endoglucanase Activity in Mix Auger 

 

Source: Edeniq, Inc. 

Figure 119: Change of Residual Exoglucanase Activity in Mix Auger 

 

Source: Edeniq, Inc.  
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Figure 120: Change of Residual β-glucosidase Activity in Mix Auger 

 

Source: Edeniq, Inc.  
Figures 121, 122, and 123 the three cellulase activities were compiled and the results were 
compared across different pilot trials. The general trend with few exceptions is that in run 
#235 the residual activity was in the order of Endo > BG > Exo, in run #232 the order was BG 
> Endo > Exo, and in run #233 the order was Endo > Exo > BG. Figure 123 has also shown 
that P-1 had the strongest effect on BG in terms of improving durability.  
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Figure 121: Residual Cellulase Activity in Run 235 

 

Source: Edeniq, Inc.  

Figure 122: Residual Cellulase Activity in Run 232 

 

Source: Edeniq, Inc. 
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Figure 123: Residual Cellulase Activity in Run 233 

 

Source: Edeniq, Inc.  

Impact of P-1 on Cellulase Partition Between the Liquid and Solid Phases 

Cellulase partition between the liquid and solid phases of the material during saccharification is 
an important property, which impacts distribution of enzyme activities during operation, 
enzyme loss, and enzyme recycle, etc. As shown in Figures 124, 125, and 126 P-1 enhanced 
partition of endoglucanase and BG into the liquid phase in the mix auger, while this 
enhancement effect on exoglucanase was observed in the long P-1 run (#235), but not the 
short P-1 run (#232). In Figures 127, 128, and 129, different cellulase activities were 
compared in terms of partition in each run. In general, the portion of cellulase activity in the 
liquid fraction was in the order of BG > Endo > Exo in run 235, Endo > Exo > BG in run 232, 
and Endo > Exo > BG in run 233, respectively. For Run 232, although two data points of BG 
were higher than Exo, considering the results from other operation units (data not shown), the 
general trend was Endo > Exo > BG. These results indicate that the partition pattern of 
cellulases was different not only between the runs with or without the addition of P-1, also 
between the two runs with P-1. 
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Figure 124: Endoglucanase Activity in the Liquid Fraction 

 

Source: Edeniq, Inc.  

Figure 125: Exoglucanase Activity in the Liquid Fraction 

 

Source: Edeniq, Inc. 
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Figure 126: β-glucosidase Activity in the Liquid Fraction 

 

Source: Edeniq, Inc.  

Figure 127: Cellulase Activity in the Liquid Fraction in Run 235 

 

Source: Edeniq, Inc.  
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Figure 128: Cellulase Activity in the Liquid Fraction in Run 232 

 

Source: Edeniq, Inc. 

Figure 129: Cellulase Activity in the Liquid Fraction in Run 233 

 

Source: Edeniq, Inc.
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Impact of P-1 on Activity Ratios of Different Cellulase Components 

The efficiency of enzymatic saccharification depends not only on activities of the individual 
cellulase components, but also on synergistic action of these components. Therefore, activity 
ratios of different cellulase components that influence synergism between individual cellulase 
components are also important properties to examine in addition to the activity data. In this 
work, activity ratios of Endo/Exo and BG/Exo were determined and compared for different runs 
with or without the addition of P-1. 

As shown in Figure 132, during saccharification in run 233 without the addition of P-1, 
Endo/Exo was higher, and BG/Exo was lower than the initial ratios in the fresh Cellulase A. 
These results indicate that exoglucanase activity reduced more than endoglucanase activity 
and reduced less than BG activity. Also, it was observed that Endo/Exo was increasing, and 
BG/Exo was decreasing over time in both mix auger, which indicate that exoglucanase activity 
decreased faster than endoglucanase activity and slower than BG activity. 

By contrast, during saccharification in the short P-1 run (#232), both Endo/Exo and BG/Exo 
were higher than the initial ratios in fresh Cellulase A containing P-1, shown in Figure 131. 
These results indicate that exoglucanase activity reduced more than both endoglucanase 
activity and BG activity. The initial Endo/Exo and BG/Exo was similar in the presence of P-1. 
During saccharification, the increase of BG/Exo was higher than Endo/Exo, which is consistent 
with previous results that BG retained the highest residual activity in run 232. In addition, 
increase of Endo/Exo, i.e. faster reduction of exoglucanase activity than endoglucanase 
activity, was observed in the mix auger, while no decrease of BG/Exo, i.e. slower reduction of 
exoglucanase activity than BG activity was observed as in run 233 without the addition of P-1. 

Consistent with the observation for run 232, during saccharification in the long P-1 run 
(#235), both Endo/Exo and BG/Exo were higher than the initial ratios in the fresh Cellulase A 
containing P-1, shown in Figure 130 and 131. However, for most of the samples, the increase 
of Endo/Exo was higher than BG/Exo, which is consistent with previous results that 
endoglucanase retained the highest residual activity in run 235. Also, the activity ratios in this 
run were more stabilized than in the short runs. 
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Figure 130: Activity Ratio of Cellulase Components in Run 235 

 

Source: Edeniq, Inc.  

Figure 131: Activity Ratio of Cellulase Components in Run 232 

 

Source: Edeniq, Inc.  
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Figure 132 Activity Ratio of Cellulase Components in Run 233 

 

Source: Edeniq, Inc.  

Impact of P-1 on Enzyme Recycle by TFF 

To evaluate the efficiency of enzyme recycle by TFF, four properties were examined in this 
work: cellulase activity ratios between TFF concentrate and TFF permeate, residual cellulase 
activity recycled relative to the initial cellulase activity added, recycled cellulase activity in the 
liquid fraction, and activity ratios in the recycled material. 

Cellulase activity ratios between TFF concentrate and TFF permeate are summarized in Table 
30. It is clearly shown that P-1 significantly enhanced these ratios, and thus the recycle 
efficiency. In run 233 without P-1, a high concentrate/permeate ratio was obtained for BG, but 
there was almost no concentration of exoglucanase activity. In run 232, similar 
concentrate/permeate ratios to that in run 233 were obtained for endoglucanase and BG 
activities. The presence of P-1 significantly enhanced concentration of exoglucanase activity. 
In run 235, except the data at 65 hours, concentrate/permeate ratios for all of the three 
cellulase activities were significantly higher than the other two runs. Among the three cellulase 
activities, except the data at 65 hours, concentrate/permeate ratio was much higher for BG 
activity than for endoglucanase activity and exoglucanase activity, which were close to each 
other for most of the time points except at 158 hours. The operation differences that may 
impact the recycle efficiency were not very clear yet. 
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Table 30: Cellulase Activity Ratios Between TFF Concentrate and TFF Permeate for 
Each Auger Run 

Run # Time (h) 
TFF Concentrate/Permeate 

Endoglucanase 
Activity 

Exoglucanase 
Activity 

β-Glucosidase 
Activity 

 

 

235 (with P-1) 

65 3.1 4.2 3.1 

108 10.5 10.2 28.0 

158 16.9 26.4 46.2 

181 6.9 6.8 13.4 

201 9.6 10.5 13.7 

232 (with P-1) 84 1.9 4.0 5.9 

233 (without P-1) 86 1.7 1.1 6.5 

Source: Edeniq, Inc. 

As revealed by Figures 133, 134, and 135, higher residual cellulase activities relative to the 
initial values were able to be recycled in the presence of P-1. Also, the recycled endoglucanase 
activity was substantially higher than the other two types of activities in terms of the residual 
activities in the presence or absence of P-1. In the absence of P-1, the recycled exoglucanase 
activity was higher than the BG activity; while in the presence of P-1, the recycled BG activity 
was slightly higher than the exoglucanase activity for most of the samples. 

As to partition of the recycled cellulase activities between the solid phase and liquid phase 
shown in Figures 136, 137, and 138, a higher portion of the activities was in the solid fraction 
in the presence or absence of P-1 except endoglucanase activity recycled at 181 hours in run 
235. Partition of endoglucanase activity and BG activity into the liquid fraction was enhanced 
by P-1. In run 233, the portion of cellulase activity in the liquid fraction was in the order of Exo 
> Endo > BG. In run 232, the order was Endo > Exo > BG. In run 235, the portion of 
endoglucanase activity in the liquid fraction was higher than the other two activities, which 
showed varied differences at different time points. 
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Figure 133: Residual Cellulase Activity in Run 235 

 

Source: Edeniq, Inc. 

Figure 134: Cellulase Activity in Liquid Fraction in Run 235 

 

Source: Edeniq, Inc. 
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Figure 135: Residual Cellulase Activity in Run 232 

 

Source: Edeniq, Inc. 

Figure 136: Cellulase Activity in Liquid Fraction in Run 232 

 

Source: Edeniq, Inc.  
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Figure 137: Residual Cellulase Activity in Run 233 

 

Source: Edeniq, Inc. 

Figure 138: Cellulase Activity in Liquid Fraction in Run 233 

 

Source: Edeniq, Inc. 
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The functional changes of the recycled enzymes were evaluated by the activity ratios as shown 
in Table 31. In all the runs with or without P-1, Endo/Exo was significantly higher in the 
recycled material than in the fresh Cellulase A, consistent with the previous observation that 
the recycled endoglucanase activity was substantially higher than the other two activities. In 
the absence of P-1, BG/Exo was lower in the recycled material than in the fresh enzyme. In 
the presence of P-1, BG/Exo was slightly higher in the recycled material than the fresh enzyme 
containing P-1 for most of the TFF cycles. 

Table 31: Activity Ratios in the Recycled Material 

Run # Time (h) Recycled activity 
Endo : Exo : BG 

 

 

235 with P-1 

0 29.2 : 1 : 32.0 

65 55.0 : 1 : 36.3 

108 71.2 : 1 : 42.5 

158 68.2 : 1 : 31.9 

181 72.5 : 1 : 44.0 

201 55.5 : 1 : 28.1 

232 with P-1 0 29.2 : 1 : 32.0 

84 70.5 : 1 : 35.9 

233 without P-1 0 54.5 : 1 : 30.6 

86 127.4 : 1 : 17.3 

Source: Edeniq, Inc. 

3.3.6.5 Summary 

In this work, samples from auger run 233 using Cellulase A without the addition of P-1 and 
auger runs 232 and 235 using Cellulase A with the addition of P-1 were measured. Data 
obtained from the mix auger were presented in this report, since the most significant reduction 
of enzyme activities occurred in the mix auger. Data were also available for samples collected 
from the other operation units. The effects of P-1 on Cellulase A were discussed with respects 
to five aspects; enzyme activity, enzyme durability, enzyme partition, activity ratios, and 
enzyme recycle. 

• P-1 significantly enhanced exoglucanase and BG activities of Cellulase A, not 
endoglucanase activity, upon addition to Cellulase A. However, all of the three types of 
activities were higher over time during saccharification in the presence of P-1 than in 
the absence of P-1. 

• P-1 enhanced residual activities, and thus durability, of these three main types of 
cellulases during saccharification, and the strongest effect was on BG. 
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• P-1 was able to enhance partition of individual cellulase activities into the liquid phase, 
although most of the activities partitioned into the solid phase. 

• In terms of activity ratios, in the absence of P-1, higher Endo/Exo and lower BG/Exo 
were observed during saccharification than the initial values of fresh Cellulase A; while 
in the presence of P-1, higher Endo/Exo and also higher BG/Exo were observed during 
saccharification than the initial values of fresh Cellulase A containing P-1. 

• The addition of P-1 was able to improve the recycle efficiency of different types of 
cellulases. With or without P-1, the fraction of endoglucanase activity was substantially 
higher than the other two activities in the recycled material. 

Performance Comparison Between Cellulase A and Cellulase B 

In this work, samples from auger run 233 using Cellulase A (20 percent w/w glucan) and 
auger run 234 using Cellulase B (10 percent w/w glucan) were measured under the respective 
optimal conditions of these cellulase products. Results obtained from the mix auger will be 
used as examples to compare performance of these two enzyme cocktails in terms of enzyme 
activity, enzyme durability, enzyme partition, activity ratios, and their responses to additives. 

Cellulase Activities 

Despite the differences between Cellulase A and Cellulase B, under the run conditions, the 
added endoglucanase activity was very similar for both the Cellulase A run and the Cellulase B 
run. For both runs, endoglucanase activity was decreasing rapidly in the mix auger with 
Cellulase B endoglucanase activity decreasing faster. However, endoglucanase activity in the 
Cellulase A run was significantly higher than the Cellulase run, which are shown in Figure 139. 

We observed that the initial exoglucanase activity of the Cellulase B run was 3 times higher 
than the Cellulase A run; however, exoglucanase activity of the Cellulase B run sharply 
decreased to less than the Cellulase A run at the early stage of saccharification in the mix 
auger, shown in Figure 140. 

As shown in Figure 141, in contrast to the observations for the exoglucanase activity, the 
initial BG activity of the Cellulase A run was 19 times higher than the Cellulase B run, however, 
BG activity of the Cellulase A run dropped much faster than the Cellulase B run at the early 
stage of saccharification in the mix auger. In the Cellulase A run, BG activity decreased rapidly 
in the mix auger. In the Cellulase B run, only slight reduction of BG activity was observed. In 
spite of the significant reduction during saccharification, BG activity in the Cellulase A run was 
higher than in the Cellulase B run. 
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Figure 139: Endoglucanase Activity in Mix Auger 

 

Source: Edeniq, Inc.  

Figure 140: Exoglucanase Activity in Mix Auger 

 

Source: Edeniq, Inc. 
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Figure 141: β-glucosidase Activity in Mix Auger 

 

Source: Edeniq, Inc. 

Residual Cellulase Activities 

To compare enzyme durability of the two enzyme cocktails during saccharification, samples 
collected at the same time points from the Cellulase A run and Cellulase B run were compared. 

Figure 142 shows a significantly higher residual endoglucanase activity was maintained in the 
Cellulase A run than shown in the Cellulase B run. After 24 hours in the mix auger, 59 percent 
of the initial endoglucanase activity was left in the Cellulase A run, while only 26 percent of the 
initial endoglucanase activity was left in the Cellulase B run. 

Similar to the endoglucanase activity, Figure 143 shows a substantially higher residual 
exoglucanase activity was maintained in the Cellulase A run than shown in the Cellulase B run. 
After 24 hours in the mix auger, 56 percent of the initial exoglucanase activity was left in the 
Cellulase A run, while only 10 percent of the initial exoglucanase activity was left in the 
Cellulase B run. 

On the contrary, as shown in Figure 144, a significantly higher residual BG activity was 
maintained in the Cellulase B run than shown in the Cellulase A run. After 24 hours in the mix 
auger, 87 percent of the initial BG activity was still kept in the Cellulase B run, while 46 
percent of the initial BG activity was left in the Cellulase A run. 



 

 F-106 

Figure 142: Changes in Residual Endoglucanase Activity 

 

Source: Edeniq, Inc. 

Figure 143: Changes in Residual Exoglucanase Activity 

 

Source: Edeniq, Inc. 
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Figure 144: Changes in Residual β-glucosidase Activity 

 

Source: Edeniq, Inc.
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In Figures 145 and 146, the three types of cellulase activities were compiled and compared for 
the Cellulase A run (#233) and for the Cellulase B run (#234), respectively. As shown in Figure 
145, in the Cellulase A run, enzyme durability was in the order of Endo > Exo > BG except 
data at 20 hours in the mix auger. As shown in Figure 146, in the Cellulase B run, enzyme 
durability was in the order of BG > Endo > Exo. It should be noted, durability of BG was 
significantly greater than the other two types of enzyme for Cellulase B. 

Figure 145: Residual Cellulase Activity in Run 233 

 

Source: Edeniq, Inc. 
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Figure 146: Residual Cellulase Activity in Run 234 

 

Source: Edeniq, Inc. 

Cellulase Partition Between the Liquid and Solid Phases 

In this work, the portion of enzyme activities in the liquid fraction was calculated and 
compared between the Cellulase A run and the Cellulase B run to study the differences in 
enzyme partition during saccharification between these two enzyme cocktails. 

In Figure 147, except the 24 hours mix auger data of the Cellulase B run, for both runs, less 
than 50 percent of endoglucanase activity was in the liquid fraction, indicating that more 
endoglucanase activity was actually in the solid phase for both enzyme cocktails. However, a 
much higher portion of endoglucanase activity was in the liquid fraction in the Cellulase B run 
than the Cellulase A run. 

In Figure 148, for both runs, only less than 27 percent of exoglucanase activity was in the 
liquid fraction, indicating that most of the exoglucanase activity was actually in the solid phase 
for both enzyme cocktails. 

In Figure 149, a substantially higher portion of BG activity was in the liquid fraction in the 
Cellulase B run than the Cellulase A run. In fact, close to 50 percent of the BG activity was in 
the liquid fraction in the Cellulase B run. In the Cellulase A run, less than 7 percent of the BG 
activity was in the liquid fraction, indicating that almost all of the BG activity was in the solid 
phase. 
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Figure 147: Comparison of Endoglucanase Between Run 233 and 234 

 

Source: Edeniq, Inc. 

Figure 148: Comparison of Exoglucanase Between Run 233 and 234 

 

Source: Edeniq, Inc. 
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Figure 149: Comparison of β-glucosidase Between Run 233 and 234 

 

Source: Edeniq, Inc. 

In Figures 150 and 151, the three types of cellulase activities were compiled and compared for 
the Cellulase A run (#233) and for the Cellulase B run (#234), respectively. As shown in Figure 
150, in the Cellulase A run, the portion of activity in the liquid fraction was in the order of 
Endo > Exo > BG. As shown in Figure 151, in the Cellulase B run, the portion of activity in the 
liquid fraction was in the order of BG > Endo > Exo. It is interesting to note that for each 
enzyme cocktail, the order of enzyme partition corresponded well to the order of enzyme 
durability, although there was no quantitative relationship observed. 
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Figure 150: Comparison of Cellulase Partitions Between Solid and Liquid Phase in 
Run 233 

 

Source: Edeniq, Inc.  

Figure 151: Comparison of Cellulase Partitions Between Solid and Liquid Phase in 
Run 234 

 

Source: Edeniq, Inc.  
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Activity Ratios of Different Cellulase Components 

In this work, activity ratios of Endo/Exo and BG/Exo were determined and compared between 
the Cellulase A run and the Cellulase B run.  

Major differences were observed between Cellulase A and Cellulase B in terms of the activity 
ratios in the product. The ratio of endoglucanase activity to exoglucanase activity is 55 to 1 in 
Cellulase A and 18 to 1 in Cellulase B, respectively. The ratio of BG activity to exoglucanase 
activity is 31 to 1 in Cellulase A and 1 to 2 in Cellulase B, respectively. 

As shown in Figure 152, during saccharification in the Cellulase A run, Endo/Exo was higher, 
and BG/Exo was lower than the initial ratios in fresh Cellulase A. These results indicate that 
exoglucanase activity reduced more than endoglucanase activity and reduced less than BG 
activity. Also, it was observed that Endo/Exo was increasing, and BG/Exo was decreasing over 
time in the mix auger. These results indicate that exoglucanase activity decreased faster than 
endoglucanase activity and slower than BG activity.   

On the other hand, as shown in Figure 153, during saccharification in the Cellulase B run, both 
Endo/Exo and BG/Exo were higher than the initial ratios in fresh Cellulase B. These results 
indicate that exoglucanase activity reduced more than both endoglucanase activity and BG 
activity. 

Figure 152: Activity Ratio of Cellulose Components in Run 233 

 

Source: Edeniq, Inc. 

  



 

 F-114 

Figure 153: Activity Ratio of Cellulose Components in Run 234 

 

Source: Edeniq, Inc.  

Impact of P-1 on Enzyme Activities 

The impact of P-1 on enzyme activities was obtained from the control experiments. Table 32 
shows activities of Cellulase A with and without use of polymer additive. 

Table 32: Enzyme Activities of Cellulase A with and without the Use of Polymer 
Additive 

Sample Endo CMC 
units/mL 

Enhancing 
Factor 

Exo pNPL 
units/mL 

Enhancing 
Factor 

BG 
pNPG 

units/mL 

Enhancing 
Factor 

Cellulase B 1454 ± 57 1.3 

(p = 
0.0004) 

81 ± 6 1.4 

(p = 
0.004) 

44 ± 5 1.4 

(p = 
0.028) 

Cellulase B + P-
1 1825 ± 43 110 ± 8 60 ± 9 

Source: Edeniq, Inc. P values shown were obtained using t-test. 

For Cellulase A there was no statistically significant difference in the endoglucanase activity 
with or without the addition of P-1. On the other hand, the addition of P-1 significantly 
enhanced exoglucanase activity (1.9X) and BG activity (2.0X). These results indicate that P-1 
affected different cellulase activities in Cellulase A differently. On the contrary, the addition of 
P-1 enhanced all three types of cellulase activities in Cellulase B, and the enhancing factor was 
very close, 1.3X for endoglucanase activity and 1.4X for exoglucanase activity and BG activity, 
respectively. 
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3.3.6.5 Conclusion 

In this work, samples from auger run 233 using Cellulase A and auger run 234 using Cellulase 
B were measured. Data obtained from the mix auger were presented in this report, since the 
most significant reduction of enzyme activities occurred in the mix auger. Data were also 
available for samples collected from the other operation units. Performance of these two 
enzyme cocktails were compared in terms of enzyme activity, enzyme durability, enzyme 
partition, activity ratios, and their responses to the addition of P-1. 

• A similar endoglucanase activity, a substantially lower exoglucanase activity, and a 
substantially higher BG activity were loaded to the Cellulase A run compared with the 
Cellulase B run. And all of these three types of activities remained higher in the 
Cellulase A run during saccharification. 

• Endoglucanase and exoglucanase in Cellulase A were more durable than Cellulase B 
during saccharification, while BG was more durable in Cellulase B than Cellulase A. For 
Cellulase A, enzyme durability was in the order of Endo > Exo > BG. For Cellulase B, 
enzyme durability was in the order of BG > Endo > Exo. 

• For both Cellulase A and Cellulase B, more activities of all of the three main types of  
cellulase tended to partition into the solid phase during saccharification. Between these 
two enzyme cocktails, a higher portion of endoglucanase and BG activities of Cellulase B 
tended to partition into the liquid fraction. For Cellulase A, the portion of activity in the 
liquid fraction was in the order of Endo > Exo > BG. For Cellulase B, the portion of 
activity in the liquid fraction was in the order of BG > Endo > Exo. 

• The initial activity ratios amongst different types of activity were significantly different 
between Cellulase A and Cellulase B. During saccharification, exoglucanase activity 
reduced more than endoglucanase activity and reduced less than BG activity in the 
Cellulase A run, while exoglucanase activity reduced more than both endoglucanase 
activity and BG activity in the Cellulase B run. 

• For Cellulase A there was no statistically significant difference in the endoglucanase 
activity with or without the addition of P-1. The addition of P-1 significantly enhanced 
exoglucanase activity (1.9X) and BG activity (2.0X). The addition of P-1 enhanced all 
three types of cellulase activities in Cellulase B, and the enhancing factor was very 
close, 1.3X for endoglucanase activity and 1.4X for exoglucanase activity and BG 
activity, respectively. 

3.3.7 Pretreatment Work and Next Steps 
• Integration of the existing (CCM) batch pretreatment system into the Continuous 

Saccharification Plant (CSP) auger system as the basis point for future new equipment 
installation and comparison. 

• This program is an extension of the Department of Energy Corn to Cellulose Migration 
Project. The process has been using batch pretreatment since 2012. These runs have 
allowed us to gain a better understanding of the many variables that have an impact on 
the conversion of biomass to sugars. This original design involves the addition of 
biomass to a preheated water batch and using both steam jacket and steam injection to 
increase and hold temperatures for residence times up to two hours. The slurry is then 
flash conveyed to a flash tank before being pH adjusted and cellunated on its path to 
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the saccharification batch reactors. Figure 154  indicates the process flow of the batch 
system. 

Figure 154: Batch System Process Flow 

 

Source: Edeniq, Inc.  

Operational consistency as shown in Figure 155 shows the consistency required in batch to 
batch operation to allow for the research to be conducted to get an understanding of the 
impact of various variables on conversions and yields. The data in Table 33 indicates some of 
the key learnings that have come about as a result of operating the batch process. Table 34 
shows the improvement in sugars conversion as improvements have been made to both the 
pretreatment and saccharification processes. 
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Figure 155: Consistency of Batch to Batch Operation 

 

Source: Edeniq, Inc. 

Table 33: Key Learnings of Batch Operations 

 

Source: Edeniq, Inc.  
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Table 34: Improvement of Sugar Conversions 

Performance Indicator 1Q10 2Q11 1Q12 4Q12 2Q13  CCM 
GOAL 

C6 Sacch conversion (%) 50 65 68 70 72  80 

C5 Sacch conversion (%) 30 50 60 65 73  70 

Note: conversions do not reflect use/ benefit of 
additives 

     

        

Solids loading - Sacch (wt %) 15 20 18 18 18  20 

Residence Time - Sacch (hrs.) 48 48 40 36 24  48 

Source: Edeniq, Inc. 

Evaluation of this process indicated that the economic viability of this batch pretreatment 
system would be difficult at a commercially sized plant. This knowledge led to efforts to re-
design a process that might be more economical as a continuous process. So far this CEC 
project has focused on first utilizing a continuous saccharification process, initially utilizing the 
batch pretreatment process to provide consistent feedstock to the saccharification process to 
help solve and implement the technological and operational solutions to lead to an economical 
process.  This has been accomplished by sending the pretreated material by a positive 
displacement pump to a mixing auger at the front end of the saccharification process. This mix 
auger acts as the mixing tank for adding the buffering agent to control pH, and to add the 
initial enzyme dosing. The mix auger also allows the batch process to be changed into a 
continuous process by providing the residence time required to provide continuous feed while 
being replenished by the next pretreatment batch. 

The next step is to test the design and operation of a continuous pretreatment design. Below 
in Figures 156 and 157 is a process flow diagram that is currently being tested on a unit 
operation basis. 
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Figure 156: Process Flow Diagram 

 

Source: Edeniq, Inc. 

Figure 157: Process Flow Diagram 

 

Source: Edeniq, Inc.  
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3.3.8 Operational Wear Studies 
3.3.8.1 Perform Wear, Cleaning, and Longevity Characterization Studies 

As part of our overall process to understand reliability and maintenance issues, the process 
equipment is being monitored for performance wear. The main areas of concern revolve 
around equipment that come in contact with the biomass solids and high-speed revolving 
equipment. Examples of those are agitators, pumps, and cellunators. To determine overall 
wear and longevity key measurements of performance and physical data have been collected 
for baseline information and has been collected over time during operations to determine wear 
rates. 

3.3.8.2 Methodology 

Each of these pieces of equipment had baseline measurements taken for weight, and 
dimensions both inside diameters and outside diameters. As opportunities arose for testing 
these parts, we re-measured on various occasions to help determine material losses of both 
weight of materials and dimensions. 

Table 35 shows an example of the different materials of construction, parts, and tooth size of 
DR Cellunator. 

Table 35: Materials of DR Cellunator 

Serial Number Material Type Size Rows 

R-001 440C Rotor DR10-2G "Coarse" 1 

S-001 440C Stator DR10-2G "Coarse" 1 

R-002 440C Rotor DR10-2G "Coarse" 1 

S-002 440C Stator DR10-2G "Coarse" 1 

R-003 440C Rotor DR10-2G "Coarse" 1 

S-003 440C Stator DR10-2G "Coarse" 1 

R-004 D2 Rotor DR10-2G "Coarse" 1 

S-004 D2 Stator DR10-2G "Coarse" 1 

R-005 D2 Rotor DR10-2G "Coarse" 1 

S-005 D2 Stator DR10-2G "Coarse" 1 

R-006 D2 Rotor DR10-4M "Medium” 2 

S-006 D2 Stator DR10-4M "Medium” 2 

Source: Edeniq, Inc.  

  



 

 F-121 

Figures 158 through 165 chart various graphs of weights and dimensions. 

Figure 158: Rotor Weight with Respect to Hours of Runtime 

 

Source: Edeniq, Inc.  

Figure 159: Stator Weight with Respect to Hours of Runtime 

 

Source: Edeniq, Inc. 
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Figure 160: Rotor OD with Respect to Hours of Runtime 

 

Source: Edeniq, Inc. 

Figure 161: Rotor ID with Respect to Hours of Runtime 

 

Source: Edeniq, Inc.  
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Figure 162: Stator OD with Respect to Hours of Runtime 

 

Source: Edeniq, Inc. 

Figure 163: Rotor Weight Loss and Wear Rate Status 

 

Source: Edeniq, Inc. 
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Figure 164: Stator Weight Loss and Wear Rate Status 

 

Source: Edeniq, Inc.  

Figure 165: Horizontal Measurements of Rotors 

 

Source: Edeniq, Inc. 
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3.3.8.3 Conclusions 

Erosion of metal parts in plant areas of high solids and high velocity is quite significant. The 
problem may be increased with the large geometry impact of high velocity and small 
clearances; it still shows that wear and reliability improvements for certain equipment will be 
required. Efforts are underway to evaluate different materials of construction, post fabrication 
treatments, such as cryogenic treatments, and different biomass characteristics such as 
particle size, ash content, and solids level. 

3.3.9 Kinetic Model Development 
3.3.9.1 Partitioning 

• Quantify through development and validation of kinetic models the recovery and 
potential usefulness of active enzymes – setting the stage for process design 
improvements and optimization. 
o A simple kinetic model was developed to model the auger. The typical Continuous 

Stirred Tank Reactor model equations, shown in Figure 166, were applied to the 
auger system: 

Figure 166: Continuous Stirred Tank Reactor Model Equations 

 

Source: Edeniq, Inc.  

• This model was used to predict the glucose and xylose concentration in the mix auger 
and the saccharification augers during Run #235. It was found that the model results of 
a 58 percent C6 yield compared well with the actual 56 percent C6 yield that was 
measured. Additional work is needed to further refine the model including creating a 
more accurate kinetic equation, refining the mass transfer in the augers, determine the 
mixing that is present (plug flow versus Continuous Stirred Tank Reactor) in the auger, 
and performing an in-silo optimization of the system. 

Figure 167 shows the predicted glucose and xylose levels from the kinetic model produced for 
the auger system.  
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Figure 167: Predicted Glucose and Xylose Levels 

 

Source: Edeniq, Inc.  

3.4 Logistic Plan 
3.4.1 Safety Issues and Special Precautions 

• Standard Personal Protective Equipment and safe operating procedures have been 
followed throughout these trials. 

• Steam has been used in the process and during cleaning of components. Personnel 
Protective Equipment and Standard operating procedures have been used to avoid 
contact with hot process lines and provide appropriate condensate outlets. 
o No injuries have been indicated during the time of this operation 

• Personnel Protective Equipment and Standard operating procedures have been used 
with caustic solutions during cleaning and as a buffering agent. Operations took the 
prescribed actions including the use of standard Personal Protective Equipment with 
nitrile gloves. 

• A safety review and walkthrough of the integrated system was completed, and the 
suggested changes were implemented. 

• Going forward, additional safety reviews will be done as necessitated by any proposed 
changes that are significant to either operation or construction and should be 
completed before any such changes are implemented. These safety reviews should be 
called out in the individual run plans as necessary (or not necessary if there are no 
significant changes) and the results of the safety review should be cited in the run plan. 
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• A full Hazard and Operability Analysis review was performed before integrating the new, 
front-end equipment (including flash and pretreatment systems) into the modified 
biorefinery system – i.e., following on after this Campaign. 

3.4.2 Resources – Current Equipment 
• One mixing/flash auger 
• Four saccharification augers 
• High solids pumps 
• Liquor collection pumps 
• Water jacket temperature control system 
• Solids/Liquids separation system with SWECO sieve and TFF 
• SWECO sieve and screw press 
• CCM personnel and equipment run process. 
• Lab resources will be needed to perform analysis of sugar samples and biomass slurry. 
• Sieve screens and other feedstock processing equipment will be utilized to produce 

appropriate feedstock for the auger system. 
3.4.3 Approximate Supplies Required 

• TFF filter modules 
• TFF filter holder 
• SWECO sieve screens 
• Enzyme supply 
• Pretreated biomass from CCM 
• Buffering Agents – usually 50 percent NaOH 
• Additive 

3.4.4 Needed External Resources 
• None known for initial operation of the baseline auger system 
• All installation, commissioning, and operations of the process were conducted utilizing 

Edeniq employees. 
3.5 System Monitoring 
The preliminary run outline, along with key control and measured parameters is included 
below. 

1. Determine optimal conditions for auger saccharification 
a. Respond with data to each of the items below 
b. Note: Goal is to find specific conditions suitable for each feedstock, and any 

associated feedstock-specific limitations. 
c. Temperature 

i. Vary heating coil temperature to gauge effect on process temperature 
d. Agitation 
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i. Vary motor Variable Frequency Drive settings in both saccharification and mixing 
augers 

e. Enzymes/Additive 
i. Dosing 

1. Mixing auger by itself 
2. 75 percent mixing auger, 25 percent liquid tank 
3. 50 percent mixing auger, 50 percent liquid tank 
4. 25 percent mixing auger, 75 percent liquid tank 

ii. Enzyme A 
1. Vary 10, 20, and 35, 50 percent 

iii. Enzyme B 
1. Vary 5, 10, and 15 percent 

iv. Additive (or other additives) 
1. Vary between 0, 1 percent, 2 percent 

f. Residence time 
i. Change feed rates between 250 kg/day, 500 kg/day, 750 kg, 1,000 kg/day and 

1,000+ kg /day of dry solids 
g. pH 

i. Test for optimal 
h. Enzyme activity tracking 

i. Laboratory tracking effort to aid in development and to implement enzyme 
assays 

2. Demonstrate control at different points in the system 
a. Respond with data to each of the items below 
b. Vary initial solids level at equivalent saccharification conditions 

i. 5, 10, 15, 20 percent (w/w) solids in initial slurry 
ii. Attempt to dewater slurry to 25 percent solids at outlet of auger 4 during each 

run 
c. Test different drain configurations in augers, compare effects on auger contents and 

liquor stream 
i. Options include mesh filters (vary pore diameter) and wedge wire (vary gap) 
ii. Key metrics include liquor solids level and particle size, auger solids level, liquor 

tank volume, plugging and flow rate (observed) 
d. Reduce auger angle from 5° to 3° 

i. Perform saccharification at conditions outlined in sections 2.B – 2.C 
ii. Optimize biomass flow through augers by varying fill, rotation speed to ensure 

that hydrolyzate remains mobile at all viscosity levels 
iii. Confirm mobility at high levels of conversion, low biomass solids level 

3. Demonstrate baseline recycle strategy and capability 
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a. Respond with data to each of the items below 
b. Once auger dewatering rates are well established, develop liquor recycle 

i. Vary quantity and frequency of liquor recycle 
ii. Determine the degree of liquor recycle needed to maintain target solids levels 

and countercurrent flow of free liquor in augers 
c. Test different rehydration nozzles to improve homogeneity of rehydrated material 

and promote countercurrent flow 
d. Dewater augers over course of experiment, so that biomass slurry maintains high 

viscosity as it is saccharified 
i. Replace removed sugar liquor with fresh water to dilute sugars generated during 

saccharification of high solids slurry 
3.6 Plan for Data Reduction and Reporting 
3.6.1 General Template of Required Preparations (Key Data Reduction 
Calculations) 
Documented run plans are created before each run that detail the operating procedure and 
specify setpoints. (These can be made available for review by Commission members, etc.) 

Each of the following performance metrics will be assessed by standard protocols, as derived 
previously for biorefinery operations and monitoring (i.e., from the DOE CCM project period). 
Figure 168 shows the sugar yields between corn stover runs 220 to 229. 

1. Saccharification efficiency (percent) 
Figure 168: Sugar Yields Between Corn Stover Runs 220 to 229 

 

Source: Edeniq, Inc.  
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Figure 169 shows sugar yields between bagasse runs 230 and 235. 

Figure 169: Sugar Yields Between Bagasse Runs 230 and 235 

 

Source: Edeniq, Inc.  

2. Initial solids loading (percent, kg) 
Initial solids load was between 10 percent and 16 percent for corn stover auger runs 
and varied between 5 percent and 12 percent for bagasse auger runs. 

3. Liquor removal (solids percent at auger 4 outlet) 
Figure 170 shows auger outlet solids between corn stover runs 220 and 229. Figure 171 shows 
auger outlet solids between bagasse runs 220 and 229. 
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Figure 170: Auger Outlet Solids Between Corn Stover Runs 220 and 229 

 

Source: Edeniq, Inc. 

Figure 171: Auger Outlet Solids Between Bagasse Runs 220 and 290 

 

Source: Edeniq, Inc. 
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1. Production of sugar liquor (quantity, gglucose/gbiomass) 
The maximum sugar production was 0.43 gglucose/gbiomass for corn stover and 0.36 
gglucose/gbiomass for bagasse. 

2. System mass balance 
Figure 172 shows the total mass balance of the material in and out of the system. Figure 172 
shows the composition of the solids in and out of the system. 

Figure 172: Total Mass Balance of Material in and out of System 

 

Source: Edeniq, Inc.  
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Figure 173: Composition of Solids in and out of System 

 

Source: Edeniq, Inc.  

Table 36 shows the overall system mass balance for Run 235. 

Table 36: Overall System Mass Balance for Run 235 

Location Total kg Total 
Solids kg 

Water kg Other 
Solids kg 

Glucan 
kg 

Xylan 
kg 

Glucose 
kg 

Xylose 
kg 

Volatiles 
kg 

In PT 16690 1931 14759 811 753 367 0 0 0 

Permeate 13645 858 12787 203 0 0 367 219 68 

Filtrate 1690 291 1399 133 41 5 48 28 35 

Final Solids 213 61 152 26 20 3 6.8 3.7 0.9 

Samples/Losses 1148 288 861 211 53 6 10 5.9 1.5 

Source: Edeniq, Inc.  
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3.6.2 Future Work 
1. Incorporate new systems: continuous preprocessing, pretreatment, and flash 

components 
a. These tests will be detailed in another Campaign Plan – as the “Revised” phase of 

the program, building on this baseline characterization 
2. Update where we are in this process 
3. Integrate saccharification augers with other existing Edeniq technologies 

a. In-line integration with CCM pretreatment and separations processes, as required 
b. Integration with other Edeniq advanced shear pretreatment technologies 

4. Update where we are, with respect to CSP and that the shear project is on hold 
3.6.3 Estimated Completion Schedule 
Testing will continue through the end of the year as further improvements are made to the 
saccharification system. The new front-end systems: preprocessing, pretreatment and flash 
auger – will be commissioned and integrated into the biorefinery system after this baseline 
study; the scope of that is covered in detail in the Revised Biorefinery Test Plan submitted in 
March 2014. 

The final report due in December 2014 will review information for operations through the end 
of the year.
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Appendix G: Construction and Equipment List 

Table 37 shows the construction and equipment list for Edeniq-CEC pilot plant modifications.  

Table 37: Construction and Equipment List 

Equipment List 

Project Edeniq-CEC Pilot Plant 
Modifications 

 

Proj. No. ARV-11-018  

Date: 15-Oct-13  

Area 
Number 

Area Equipment Name Status 

00 Feedstock Processing  

  Bag Unloader On Site 

  Conveyor On Site 

  Vibrating Screen On Site 

  Hammer Mill On Site 

  Filter house On Site 

  Discharger Auger On Site 

  Bag Loader On Site 

01 Front End Loading  

  Bag Unloader/Hopper Design 

  Feed Blower/Vacuum Design 

  Feedstock Bin Design 

  Feed Auger Design 

02 Pretreatment, Mechanical  

  MHD Cellunator On Site; Modification Prescribed 

  Slurry Pump 1 Design 

  MK Cellunator On Site 

  Slurry Tank Design 

  Slurry Tank Agitator Design 

  Recirc PD Pump Design 

02 Pretreatment, Thermal  
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Area 
Number 

Area Equipment Name Status 

  High Pressure Feed Pump Design 

  HPHT Auger or Heating Pipe Design 

  Flash Vessel Design 

  Flash Vessel Agitator Design 

  Flash Trans Pump Design 

  Flash Condenser Design 

  Condensate Tank Design 

04 Saccharification, Primary  

  Mix Auger Operating 

  Pump (Hose) Operating 

05 Saccharification, Recycle  

  SACC Auger 1 On Site 

  Liquor Suction Pump 1 On Site 

  SACC Auger 2 On Site 

  Liquor Suction Pump 2 On Site 

  SACC Auger 3 On Site 

  Liquor Suction Pump 3 On Site 

  SACC Auger 4 On Site 

  Liquor Suction Pump 4 On Site 

06 Sugar Separation  

  Slurry Transfer Pump On Site 

  Liquor Tank On Site 

  Liquor Recirc Pump On Site 

  Vibrating Screen 1 On Site 

  Solids Transfer Hose Pump On Site 

  Filtrate Collection Tank On Site 

  Filtrate Transfer Pump On Site 

  Filtrate Tank On Site 

  Filtrate TFF Feed Pump On Site 
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Area 
Number 

Area Equipment Name Status 

  TFF Recycle Pump On Site 

  TFF Filter On Site 

  Product Tank On Site 

  Product Recycle Pump On Site 

  Product Heat Exchanger On Site 

07 Purge Solids Treatment  

  Solids Tank On Site 

  Vibrating Screen 2 On Site 

  Screw Press 1 On Site 

  Solids Wash System Design 

  Screw Press 2 Design 

  Solids Polish System Design 

  Bin (Solids) On Site 

08 Utilities  

  pH Buffer Tank On Site 

  pH Buffer Metering Pump On Site 

  Enzyme Tank 1 On Site 

  Enzyme Metering Pump 1 On Site 

  Enzyme Tank 2 On Site 

  Enzyme Metering Pump 2 On Site 

  TCU 1 (Elec Heater/Pump) On Site 

  TCU 2 (Elec Heater/Pump) On Site 

Source: Edeniq, Inc. 
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Appendix H: Revised Biorefinery Demonstration 
Runs Report 

4.5.1 Summary 
The revised runs for this project were successful in demonstrating the operability of a 
continuous pretreatment process that includes mechanical preprocessing and thermal 
hydrolysis combined with steam explosion, operated at throughput of 3.5 dry tons per day at 
up to 12 percent solids concentration existing the flash vessel (up to 18 percent in the feed). 
Three +140-hour runs were conducted, with continuous pretreatment operations combined 
with saccharification and enzyme recycle operations and full Solid and Liquid Separation. With 
additional development of the pretreatment, saccharification, and Solid and Liquid Separation 
operations, overall (C6 + C5) sugar conversions of 78 percent were achieved. Overall sugar 
yields of 50 percent to 72 percent were attainable through various processing strategies, 
which can vary depending on whether the product stream is to be a high-quality sugar 
solution or a slurry to be fermented and distilled. 

The improvement in major performance metrics, beyond the results from the initial runs, and 
ability to operate the front end in a continuous mode were the direct result of the following 
major efforts: 

• Improvement of the operability of the mechanical preprocessing and pretreatment 
operations 

• Developing control of the continuous pretreatment and flashing operations 
• Improvement in the hydrolysis efficiency of a the chemical-free pretreatment process 
• Understanding the impact of solids concentration and mixing in saccharification 
• Improving the recoveries and operability of the Solid and Liquid Separation 
• Developing a more efficient recycle and purge strategy 

Figure 174 shows the process flow diagrams for the initial (top) and revised (bottom) 
demonstration runs 
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Figure 174: Process Flow Diagrams for Initial and Revised Runs 

 

Source: Edeniq, Inc. 

The system showed few insurmountable operational difficulties and minimal downtime. 
Undoubtedly, the downtime for any aspect of the process was typically a response to the 
solids concentration. The only downtimes related to mechanical failures were when steam 
leaks developed from improperly installed or welded connections. The majority of the 
downtime related to operability occurred when a plug developed in the mechanical or thermal 
pretreatment piping or equipment. All plugging events were remediated within 2 hours or less 
and often resulted in negligible productivity loss as slack was taken out of the system 
elsewhere by increasing throughput or recycle rate. The average downtime for the plant (as 
realized in productivity losses) was estimated at 3.9 percent. 

One of the developments that played a key role in providing operability to the front end 
(preprocessing through pretreatment), was the redesign of the wet-milling equipment. A new 
generation of Edeniq wet-milling technology was implemented to: 

• Reduce hydration and particle size reduction power requirements by as much as 50 
percent 

• Produce an optimal particle size distribution to improve 
o Slurry rheology to reduce dewatering tendency 
o Pretreatment efficiency 
o Downstream separation considerations 

• Eliminate equipment from the dry preprocessing operations 
o Further reducing power and capital requirements 

• Improving some of the wear issues with cost effective replacement parts 
Two thermal pretreatment reactor styles were tested (Continuously Stirred Tank Reactor and 
Plug Flow Reactor, shown in Figure 175) and the response, measured as glucan and xylan 
conversion in saccharification and inhibitor generation, was observed to determine optimal 
operating conditions and maximum yields. The concern that a Continuously Stirred Tank 
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Reactor would not be able to achieve as high a xylan conversion and as low an inhibitor 
concentration for the maximized glucan conversion was confirmed. At optimal conditions, both 
reactor styles were capable of achieving glucan conversions near 55 percent. The Continuously 
Stirred Tank Reactor only achieved 82 percent of the xylan conversion (as compared to the 
Plug Flow Reactor, which achieved 85 percent conversion) while the Plug Flow Reactor created 
only 25 percent of the inhibitors (as compared to the Continuously Stirred Tank Reactor, which 
had furfural concentrations of about 400mg/mL @ 10 percent solids concentration). 
Pretreatment conditions were found to be optimal at a severity of 3.95 (350oF for 45 minutes 
in the Continuously Stirred Tank Reactor and 360oF for 25 minutes in the Plug Flow Reactor). 
Different residence times were required due to the volumetric capacity of the reactors and 
throughput capacity of the equipment upstream and downstream of the reactors. 

In the revised plan, two major changes were implemented to the process. The first was the 
implementation of an additional separation unit operation immediately downstream of thermal 
pretreatment to reduce saccharification inhibition of the larger solids fraction. The second was 
to implement a new strategy in the Solid and Liquid Separation operations (the details will be 
discussed later). The conversions during the demonstration were increased by an average of 
40 percent for glucan and 5 percent for xylan along with a 20 percent reduction in enzyme 
dosage and a 28 percent increase in sugar recovery.  

Figure 175: Plug Flow Reactor and Continuously Stirred Tank Reactor Used for 
Pretreatment 

 
Source: Edeniq, Inc.  

4.5.2 Background and Introduction 
Several issues must be solved to make cellulosic ethanol production economically attractive. 
Some of these challenges include: 

• Continuous operation– Preprocessing, pretreatment, saccharification, and Solid and 
Liquid Separation have been transitioned to continuous equipment designs. 



 

 H-4 

Transitioning pretreatment to a continuous process has the opportunity to increase 
product throughput and significantly lower the capital costs of a commercial facility. 

• Enzyme cost – For the cellulosic ethanol industry, the enzyme cost is the main driver of 
operating costs. In order to minimize the enzyme cost, the reactor system has several 
variables that can be optimized. These include the use of enzyme recycle, different 
enzyme dosing strategies, and the use of additives. These parameters have been 
“baselined” in initial trials to evaluate optimization comparisons for equipment and 
protocol upgrades to be further incorporated. 

• Sugar concentration/Volumetric productivity – Corn ethanol plants operate at 35 
percent solids, while Edeniq’s efforts with cellulosic ethanol have been limited to 
approximately 10 - 18 percent due to heavy slurry conveyance issues with the 
feedstocks. One baseline goal of the system is to be able to operate efficiently at higher 
solids and thus produce higher concentrations of sugar, ultimately yielding more 
cellulosic ethanol. This opportunity will be addressed in the pretreatment preprocessing 
with the incorporation of the IKA Mixer, Hydrator, Disperser to increase the biomass 
solids in the slurry to much higher concentrations. 

This work was comprised of two sets of Operations: (1) the initial runs (Task 2.5 and 3) that 
focused on developing the continuous saccharification augers and enzyme recycle, and (2) the 
revised runs (Task 4.4 and 4.5) that incorporated continuous preprocessing and pretreatment. 

4.5.3 Objectives 
The objective associated with Task 4.4 and 4.5, are outlined below. Task 2.5 and 3 should be 
considered when reviewing the objectives of the full project. 

• Demonstrate continuous operation of the feedstock sizing, pretreatment preprocessing, 
and the pretreatment reactor and cooling system until steady state operation has been 
achieved – with at least two prioritized feedstocks for this program. 

• Quantify flows of material into and out of the system and within each unit operation for 
each feedstock. 

• Operate the continuous system at 1 ton per day (on a dry basis) and with higher solids 
targets (pretreatment: > 20 percent solids and saccharification: > 25 percent solids). 

• Optimize continuous pretreatment system to run continuously, while maximizing 
cellulose and hemicellulose accessibility and minimizing energy and water usage and 
inhibitor (such as furfural) formation. Continue to optimize saccharification and 
separation processes (including enzyme efficiency, auger mixing, enzyme recycle, etc.) 
to achieve a high glucose yield (target: 70 percent glucose yield with nominal/baseline 
enzyme loading). 

• Establish the optimal process conditions developed in these characterization runs as 
“baseline” (standard) as the starting point for planned (and other future) 
improvements. 

• Develop and demonstrate separations operability, including time needed between 
cleaning cycles, cleaning conditions, and flux rate determinations. 

• Evaluate opportunities to increase overall recovery yield of sugars produced through 
improvements in the separation system, additional separation or washing steps and 
recycling of material for additional processing. 
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• Perform wear, cleaning, and longevity characterization studies on all components. 
• Integrate the continuous pretreatment system into the saccharification auger system – 

as the basis point for future new equipment installation and comparison. 
• Evaluate the pro forma economics of the baseline biorefinery operation – as the basis 

point for future new equipment impact assessments. 
4.5.4 Logistic Plan 
4.5.4.1 Safety Issues and Special Precautions 

• Standard Personal Protective Equipment and safe operating procedures should be 
followed throughout these trials. 

• Steam will be used in the process and during cleaning of components. Care should be 
taken to avoid contact with hot process lines and provide appropriate condensate 
outlets. 

• Caustic solutions will be used during cleaning and as a buffering agent. Special care 
should be taken during this time including the use of standard Personal Protective 
Equipment with nitrile gloves. 

• A safety review and walkthrough of the integrated system will be completed after any 
suggested changes are implemented. 

• Going forward, additional safety reviews will be done as necessitated by any proposed 
changes that are significant to either operation or construction and should be 
completed before any such changes are implemented. These safety reviews should be 
called out in the individual run plans as necessary (or not necessary if there are no 
significant changes) and the results of the safety review should be cited in the run plan. 

• A full Hazardous Operation review should be performed before integrating the new, 
front-end equipment (including flash and pretreatment systems) into the modified 
biorefinery system – i.e., following on after this Campaign. 

4.5.4.2 Resources – Current Equipment 

• One Live bottom hopper feed feedstock into continuous process 
• One Mixer, Hydrator, Disperser to mix, hydrate and disburse higher solids material 
• One Cellunator to size and homogenize the solids material 
• One high pressure pump to get biomass material into pretreatment reactor 
• One continuous thermal pretreatment kettle reactor (Continuously Stirred Tank Reactor 

) 
• One continuous thermal pretreatment auger reactor (Plug Flow Reactor) 
• One flash and cooling vessel to cool material to saccharification temperatures 
• One mixing/flash auger 
• Four saccharification augers 
• High solids pumps 
• Liquor collection pumps 
• Water jacket temperature control system 
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• Solids/Liquids separation system with SWECO sieve, screw press, and Tangential Flow 
Filter 

• Operations personnel and equipment run process. 
• Lab resources will be needed to perform analysis of sugar samples and biomass slurry. 
• Sieve screens and other feedstock processing equipment will be utilized to produce 

appropriate feedstock for the auger system. 
4.5.4.3 Approximate Supplies Required 

• Tangential Flow Filter modules and hardware 
• Cellunator GS heads 
• SWECO sieve screens 
• Enzyme supply 
• Additive supply 
• Sized feedstocks 
• Buffering Agent (50 percent NaOH) 

4.5.6 Operations 
The operations for the revised runs were composed of the following primary operations:  

4.5.6.1 Dry Preprocessing 

The goal of dry preprocessing was to take the as-shipped material (baled for corn stover) and 
remove foreign material, reduce the ash content and reduce the particle size. This process was 
run on a continuous basis. The material was stored in bulk sacks to be later fed to the 
downstream pretreatment process. 

After debaling, if required, the loose material was sent to a set of vibrating screens where 
fines were removed as ash, the middle cut was collected, and the oversize was sent to a 
hammermill. The hammer-milled material was combined with the middle cut to make up the 
preprocessed feedstock stream. 

4.5.6.2 Wet-Milling and Mechanical Pretreatment 

To get the solids into a high-pressure reactor, Edeniq’s strategy was to pump it in. Previous 
designs that incorporated airlocks to load very high solids directly to pretreatment could not be 
implemented successfully at the pilot scale. The inability to implement mechanical 
pretreatment (wet-milling), the difficulty of feeding solids to the equipment (solids bridging), 
and the uncertainty about optimal solids concentrations in thermal pretreatment (for hydrolysis 
reactions and downstream unit operations) also supported abandoning the air-lock design. 

The mechanical pretreatment process is accomplished in one piece of equipment where 
hydration, shear, and particle sizing are accomplished in one step. The heated slurry is 
delivered to a screw-fed, progressive cavity pump, which provides the transition between the 
atmospheric pressure system and the high-pressure system. 

4.5.6.3 Pretreatment 

Thermal pretreatment was used without any acid or base hydrolysis. The mechanically 
pretreated slurry is pumped through a Direct Steam Injection heater to heat the slurry to the 
thermal pretreatment temperature set point. Due to the dewatering potential of the 
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unpretreated slurry, the Direct Steam Injection system was designed and constructed in-
house. Commercial designs were unacceptable for solids concentrations greater than 8 – 10 
percent (for highly fibrous feedstocks). The low end of our acceptable operating solids 
concentration is 10 – 12 percent, where the free water phase no longer exists and potential 
for bridging and subsequent dewatering and plugging are significant. 

Once heated to temperature, the slurry enters the pretreatment reactor, where the 
temperature is maintained for the required residence time. Upon exit of the reactor, a control 
valve is used to throttle the slurry to atmospheric pressure, flashing off steam and inhibitors in 
the process. The demonstration plant does not reclaim this heat, but simply condenses it as 
wastewater (not dealt with in the scope of this project) and the flashed slurry is cooled by the 
flask tank chill water jacket. 

4.5.6.4 Saccharification 

For this project, saccharification was conducted in the continuous saccharification augers, 
which was covered in Section 4, and in batch saccharification tanks. For both saccharification 
methods, enzyme and solids recycle were implemented, bringing material back from the 
downstream Solid and Liquid Separation operations after product (sugar) and waste (lignin) 
removal. 

As stated in Section 4, the continuous saccharification augers operated at 1 dry ton per day. 
The batch saccharification tanks were operated at a rate of just under 2 dry tons per day. 

In the revised plan, an additional unit operation was implemented upstream of 
saccharification. Work for another project demonstrated the improvement in hydrolysis 
efficiency when the pretreated slurry was dewatered, and the liquids and solids were 
saccharified independently. This operation was implemented in the demonstration runs, along 
with enzyme recycle. Due to a lack of resources, the liquid stream was saccharified at a small-
scale, which is assumed to be representative of the demonstration scale due to the nature of 
this stream (very fluid due to low solids concentration and lack of large suspended solids). 

4.5.6.5 Solid and Liquid Separations 

The Solid and Liquid Separation operations were improved during the demonstration runs. The 
initial runs suffered from a few unresolved problems: 

• Improved, but still low conversions 
• Low product recoveries/yields 
• No proper waste stream 
• Accumulation of material in the system 

To move the design to the next generation, two concepts were implemented: (1) redesign the 
Solid and Liquid Separation to provide for a much sharper solids and liquids separation and (2) 
only recycle the solids stream to saccharification. This was accomplished by including the 
screw press in the system, reconfiguration of the flows in and out of the system, as well as 
inside the system, including recycling between different Solid and Liquid Separation 
equipment, and adding a centrifuge. 

The new design effectively processed solids and liquor from saccharification, to produce a 
solids and enzyme rich recycle stream (to return to saccharification) and a clean, suspended- 
solids free sugar and lignin rich stream to be processed by Tangential Flow Filter (or sent to 
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fermentation). The Tangential Flow Filter processed this stream to produce a clean sugar 
stream and a moderate-moisture, lignin-rich waste stream. 

4.5.7 Overall Data and Results 
The high-level operational achievements were stated in Section 4.5.1. This section delves into 
some of the key data that was generated from the demonstration runs and the bench-top 
work that was conducted to develop a better understanding of the fundamental phenomena. 

4.5.7.1 Mass Balances and Conversion 

The average overall mass balance for the runs during the demonstration test showed a good 
total mass closure at -5.9 percent while the solids mass balance closure was very good at 2.7 
percent. Examining the component mass balances for glucan/glucose and xylan/xylose 
indicates a total conversion of 79 percent for glucose and 74 percent for xylose. The sugar 
production yield (recovered in the product stream from the Tangential Flow Filter) is reported 
as two values, the first value is what was recovered at the demonstration scale, and the 
second number includes the total sugar yield including the liquid saccharification stream. The 
liquid saccharification could not be conducted during the demonstration runs due to resource 
limitations, but it a critical part of the process, containing about 50 percent of the glucose yield 
and 75 percent of the xylose yield. The overall glucose yield out the Tangential Flow Filter was 
37 percent and 68 percent and the xylose yield was 19 percent and 66 percent. These ratios 
result in a glucose recovery of 86 percent and a xylose recovery of 88 percent. All of these 
reported values are expected to be conservative. Although the system is operating at steady-
state from a process perspective, the performance values are slowly increasing as solids 
accumulation and enzyme concentrations build up to their steady-state values. This is most 
likely due to the large influence of the recycle scheme. Figure 176 and Figure 177 illustrates 
the degree of approach to steady state from a performance perspective. 

The conversion and yield data are our only metrics to be applied to evaluate the performance 
of the recycle process. The agreement with the enzyme supplier forbids Edeniq to continue to 
perform the assays reported on in Section 4. Indirect methods can be applied, but they have 
not been fully developed yet; therefore, no additional reporting on specific enzyme activities 
exists for this work. 
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Figure 176: Biomass Conversion Reported as Cumulative and Instantaneous 

 

Source: Edeniq, Inc.  

Figure 177: Sugar Yield Reported as Cumulative and Instantaneous 

 

Source: Edeniq, Inc.  
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4.5.7.2 Time Operating 

Plant downtime is summarized in Table 38. Downtime is reported as measurable productivity 
losses as well as actual equipment downtime, the later defined as any time that was lost, 
whether or not it impacted the productivity of the plant. It is reported this way because 
multiple 80 - 200-hour runs were conducted to make up the 880 hours of runtime for this 
project and with the extra capacity in available in places, temporary loss of equipment rarely 
led to loss of productivity. This is also thought to be a more comprehensive way of presenting 
the inefficiencies. 

The largest impact on the productivity was a contamination event that occurred during Run 
241, where an estimated 28 percent of the product was lost to premature ethanol 
fermentation. Over the 880 hours of operation, this lead to a total of 10.2 percent productivity 
losses. If that run is omitted, the downtime over the remaining 660 hours is 3.9 percent. The 
basis for the omission is small number of runs conducted and fact that the contamination 
problem was understood and resolved. 

The total average equipment downtime was 8.5 percent (0.9 percent + 7.6 percent) and was 
greater than the production losses (3.9 percent). As mentioned above, little to none of this 
downtime translated into production losses. In fact, the majority of the production losses was 
due to a single mechanical failure (steam line leak) that led to a loss of a single significant halt 
in production because the failure could not be repaired until the next day. In a full-scale 
production facility, with redundancy and contingency, this event would likely have led to no 
loss in production. Due to the nature of our operation, it was deemed safer to shut the process 
down than operate with the steam leak, which could have been done. 

Table 38: Downtime and Production Losses 

Category Largest Individual Run Impact / 
Average over the Project 

Production Losses 36% / 10.2% 

Production Losses from Equipment 
Failure / Operability 

12.5% / 3.9% 

Equipment Downtime:  

Mechanical / Equipment Failure 2.1% / 0.9% 

Operability Failure 12.5% / 7.6% 

Contamination 28% / 6.4% 

Source: Edeniq, Inc.  

The mechanical failures during these runs comprised of two types of events: (1) vibrating 
screen failure and (2) steam piping leaks. The vibrating screen failure was the result of a poor 
screen configuration that lead to the destruction of a fine screen. The fine screen was 
replaced, and an additional coarse screen was installed (the equipment was already setup to 
accept an additional screen) to relieve the physical stress placed on operating the full load of 
the slurry stream with a single fine screen. The screens are also inspected on a regular 
schedule to prevent any additional downtime. The second event, steam leaks, resulted in a 
short amount of downtime during Run 244 and a significant amount of during Run 246 
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because the leak was not repaired until the next day. The run could have continued with the 
leak, but since we are not a production facility, there was absolutely no reason (or level of risk 
worth taking) to continue operations through the night shifts with the possibility that the 
existing that the steam leak could get worse and lead to an injury. 

The operability failures were more common and generally remediated with proficient Operator 
attention to get the system back online and keep production on target by eliminating slack 
elsewhere in the process (as buffer capacity or unused operating capacity). The primary points 
of operability failure were: 

• Wet mill plugging 
• High pressure pump plugging 
• Flash line plugging (primarily a function of the scale) 
• Saccharification auger screen plugging 
• Liquor tank overflow (losses counted as operability downtime) 
• Spillage of product to grade (losses counted as operability downtime) 

Far and away, the biggest problems resulted from plugging events, which is the primary 
operational hurdle with these fibrous lignocellulosic feedstocks. To increase the reliability of 
the equipment feedstock handling, enhanced designs are being implemented to: 

• Redesign the entire mechanical theory around feedstock preprocessing and wet milling 
• Work with pump vendors to modify economic, commercially available designs to reduce 

the dewatering nature of the pumps and operate at higher solids concentrations 
• Continue to develop the Solid and Liquid Separation design to increase recoveries and 

operability 
4.5.7.3 Biofuel Production Rate 

Due to resource constraints, the produced sugars were not fermented and distilled. As these 
technologies exist as standard industrial processes and have been demonstrated in the 
previous U.S. Department of Energy testing at Edeniq, they were omitted from the test plan to 
better focus time and resources on developing continuous and high efficiency pretreatment 
and saccharification processes. The biofuel rates reported will use the measured sugar 
productions and apply a 92 percent - 96 percent recovery efficiency of ethanol to account for 
inefficiencies in the fermentation and distillation processes (which coincide with the previous 
U.S. Department of Energy test performance). 

Using Edeniq’s best recycle strategy, the maximum potential ethanol yield is 65 - 68 gallons of 
ethanol per dry ton of feedstock, based upon corn stover that has been preprocessed to 
remove impurities. Conversions of 80 percent – 82 percent would be required to achieve 70 
gallons of ethanol per ton of dry feedstock. With elevated enzyme dosing (yields are reported 
for a 20 percent reduction in enzyme dosing below the baseline value) or additional recycle 
development or better feedstock (higher in cellulose and hemicellulose), 70 gallons of ethanol 
per ton of dry feedstock is achievable with Edeniq’s process. 

The CEC Demonstration Plant consists of multiple, independently constructed sections: (1) 
mechanical and thermal preprocessing/pretreatment, (2) batch saccharification, (3) continuous 
saccharification, (4) solid and liquid separation. With the mix-match nature of the different 
areas of the plant, there are different demonstrated operations rates, which will be 
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independently reported. As stated, fermentation and distillation have not been operated, so all 
values will be reported based upon the sugar processing rates, with a 92 percent fermentation 
and distillation cumulative efficiency applied along with a 90 percent plant uptime. 

The front end of the plant, which is responsible for mechanical and thermal pretreatment, has 
been successfully operated at a rate of 5 dry tons per day. This would correspond to an 
ethanol production rate on the order of 115,000 gallons per year. The batch saccharification 
system, operated with enzyme recycle, can process the equivalent of 100,000 gallons per 
year, but has only been operated at the rate of 40,000 gallons per year. The continuous 
saccharification system has been successfully operated at 1 dry ton per day, which would be 
the equivalent of 25,000 gallons per year ethanol production rate. The Solid and Liquid 
Separation system with and without Tangential Flow Filter operations has been demonstrated 
at an equivalent production rate of 50,000 gallons per year and 115,000 gallons per year, 
respectively.  

4.5.8 Equipment Data and Results 
4.5.8.1 Live Bottom Hopper 

One of the major tasks to be accomplished, in order to operate a continuous front end of the 
process, is to feed the fibrous solids feedstock into the system. This becomes a difficult task 
when high solids concentrations and elevated pretreatment pressures are involved, requiring 
hydration and pressurization. The Cellunator is used to fully hydrate the dry solids, but 
upstream the dry solids must be actively fed to the system. The Live Bottom Hopper, shown in 
Figure 178, was developed to accomplish this operation. 

Figure 178: Live Bottom Hopper Initial (Left) and Final (Right) Designs 

 

Source: Edeniq, Inc. 
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The initial design of the equipment included a down-auger to provide a positive feed to the 
Mixer, Hydrator, Disperser system. During development of the process and the replacement of 
the Mixer, Hydrator, Disperser + Collidal Mixer Cellunator with the GS Cellunator, a gravity 
feed design was adopted, replacing the down auger with a chute. The transition from the main 
(horizontal) auger to the down auger resulted in compaction of the dry feedstock. This 
compaction created a very solid plug that could not be conveyed by auger. The resulting 
system, Live Bottom Hopper gravity feeding the GS Cellunator provided very consistent 
operations during the runs, but the lack of a positive feed design resulted in solids 
concentrations of only up to 18 percent fed to the High-Pressure Pump and thermal 
pretreatment. Figure 179 shows fibrous feedstock inside the live bottom hopper. 

Figure 179: Bridging of Fibrous Feedstock (Aerial View into Live Bottom Hopper) 

 

Source: Edeniq, Inc. 

Modifications to the Live Bottom Hopper design are already being designed and tested to 
overcome the difficulties of GS Cellunator feed bridging and auger plugging/binding. This 
design is critical to reaching higher solids concentrations in Mechanical Pretreatment (without 
adding dewatering and water recycle unit operations) and eliminating Preprocessing 
equipment (reducing capital and operational expenses). 

4.5.8.2 Mechanical Pretreatment 

A major accomplishment was made during these runs in implementing the mechanical 
pretreatment (wet milling) unit operation in continuous operations, explained in Section 
4.5.6.2. This technology was demonstrated to increase operable solids concentrations from 8 
percent - 10 percent to up to 18 percent, reduce the wet-milling and hydration equipment 
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loads by as much as 50 percent, shown in Figure 180, and reduce the operating costs of the 
wet-milling equipment dramatically (has not been fully quantified, but the preliminary results 
appear significant) by using inexpensive, replaceable wear parts.  

Figure 180: GS Cellunator (new design) and Mixer, Hydrator, Disperser + Collidal 
Mixer Cellunator Amperages 

 

Source: Edeniq, Inc.  

Currently, the design is being improved to consistently operate above 18 percent solids 
concentration, shown in Figure 181, while requiring less upstream dry preprocessing, shown in 
Figure 182. In previous operations, the preprocessing unit operations delivered a 250µ – 850µ 
“sized” feedstock to the batch pretreatment vessel. This sizing was selected to remove fine ash 
(250µ specification) and to provide a particle size distribution that lent to providing an 
acceptable rheology for handling considerations, aka, “flow-ability” (850µ specification). With 
the upgraded Cellunator design (GS module), the solids concentration fed to pretreatment was 
actually increased from 16 percent (batch operations) to up to 18 percent, while concurrently 
decreasing the degree of feedstock preprocessing, from an upper screen size of 850µ to 
3300µ. This results in reduced capital and operation expenses associated with the screening 
and dry milling operations. Since our preprocessing equipment was oversized, the impacts on 
power could not be measured. 

The particle size distribution from the output from the Cellunator greatly influences the 
rheology of the high-solids slurry. The goal of the mechanical pretreatment work is to process 
the material with the least degree of preprocessing at the highest solids concentration 
possible. To validate the impact of the Cellunator, beyond the improvements in general 
operability, particle size distributions were measured. The smaller the particle size, the better 
the rheology becomes, especially as the solids concentration increases and not free water 
exists. 
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Figure 181: Solids Slurry Feed to P-1850 (High Pressure Pump) from Cellunator 

 

Source: Edeniq, Inc.  
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Figure 182: Lightly Preprocessed Material Feed to Cellunator (8-inch auger 
diameter) 

 

Source: Edeniq, Inc.  

To demonstrate the opportunities to further and significantly decrease the preprocessing 
requirements the unit was been operated with a feed of debaled-only material. This represents 
the lowest degree of preprocessing that can be employed, which is essentially zero; all particle 
size reduction steps have been removed, which in our process included the dry milling 
(hammermill) and classification steps (vibrating screens). Figure 183 and Table 39 show that 
the novel GS Cellunation process is actually superior to the previous wet-milling technology 
(Mixer, Hydrator, Disperser + Collidal Mixer Cellunator), with respect to reducing the particle 
size. These results are all reported for a slurry solids concentration of 10 percent. 
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Figure 183: Particle Size Distributions for Various Level Cellunator Setups (at 10 
percent solids concentration) 

 

Source: Edeniq, Inc. 

The limiting factor for the solids concentration was the ability to feed the machine with large, 
fibrous material. The inlet to the machine would bridge at a solids feed rates of about 1 Tons 
per Day for debaled- only material (lightly and heavily preprocessed material could be fed at 
up to 2 Tons per Day and 3.5 Tons per Day, respectively). The GS Cellunator has a minimum 
required water flow rate to maintain flow and cooling in the unit. The results were obtained at 
this minimum water rate to achieve the maximum solids concentration that was limited by the 
rate at which the large, fibrous solids could be fed to the machine (greater water flow rates 
would have reduced the solids concentration). 

With development of the GS Cellunator inlet geometries and the Live Bottom Hopper design to 
actively feed greater rates of large, fibrous solids to the GS Cellunator, higher solids 
concentrations should be achievable. Ultimately, this process would greatly reduce the 
preprocessing energy and capital requirements by eliminating whole pieces (dry 
milling/grinding and classification) of equipment entirely, while still providing the feedstock 
preprocessing aspects (particle sizing) required by the downstream pretreatment and 
separation processes. The specifications of the feedstock impurities and foreign material will 
dictate the need for ash, rock, metal, etc., removal. 

Additionally, from a pretreatment perspective, the Cellunation process increases the degree of 
hydration that occurs before pretreatment, shown in Figure 184. Water retention value, a 
measure of fiber swelling capacity, has been used as a parameter to indirectly estimate 
cellulose accessibility to cellulase, and has been shown to be correlated to enzymatic 
digestibility of lignocellulosic biomass. Previous work has shown that this increase in 
processing, via mechanical pretreatment upstream of thermal pretreatment, increases the 
hydrolysis efficiency of the enzymes by about 5 percent. The combined effects of mixing, 
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hydration, and wet milling make the GS Cellunator a vast improvement over other front-end 
preprocessing/pretreatment technologies. 

Figure 184: Hydration Increase from Mechanical Pretreatment 

 

Source: Edeniq, Inc.  

The GS Cellunator that was used during the runs ran with very little downtime from plugging. 
When plugging did occur is was due to the inconsistent feeding mechanism (the gravity chute) 
which provided variable flow of solids. The GS Cellunator had little difficulty processing the 
typical 2 Tons per Day rate of feedstock. When the chute design is replaced with an 
active/positive feed auger (future proposed work) it is expected that solids concentration, 
capacity and reliability will increase. 

The wear on the GS Cellunator parts was minimal. Over the course of a 140+ hour run, the 
heads did not need to be replaced and still provided acceptable performance. Different part 
configurations were tested, so no wear data exists beyond the 140-hour duration. The cost of 
the replacement parts is less than $150 for the GS size 20 platform. This would result is an 
operational expense of less than $10,000 per year. Although this number is too high, it is 
expected that the run duration is much greater than 140 hours and that the replacement cost 
would scale-up very well (reduce in cost relative to throughput). Additional development of the 
design will result in better wear performance as well. 
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Table 39: Particle Size Distribution Statistics for Figure 183 (at 10 Percent Solids 
Concentration) 

Feed Particle 
Size 

250µ - 3300µ Debaled 250µ - 850µ 

Unit Ops GS+MK GS MHD+MK 

Mean 379 515 551 

Mode 391 471 517 

d10 44 75 104 

d90 912 1189 1190 

Source: Edeniq, Inc. 

4.5.8.3 Pressurization 

The high solids slurry from the GS Cellunator was pumped to thermal pretreatment pressures 
with the use of an auger-fed, progressive cavity pump. At solids concentrations below 14 
percent, very few problems were experienced, which primarily consisted of dewatering in the 
pump transition zone, leading to tripping the pump motor on high amperage. Solids 
concentrations of up to 18 percent were achievable, which greatly depended on the ability of 
the GS Cellunator to provide the appropriate rheology. 

The setup of the pump was very important to providing reliable operation. Some of the 
aspects included the auger-to-progressive cavity transition zone design, the feed piping 
design, operating temperatures, and the pump speed control philosophy. All of these aspects 
had to be modified/developed by Edeniq from the “off-the-shelf” vendor setup. 

Over the course of the formal runs and all of the additional testing, just under 1000 run hours 
were accomplished. The pump was torn down and inspected for wear. No wear was detected 
in the auger section or the progressive cavity section. The pumping section of the high-
pressure pump is a progressive cavity design and the stator is grade of rubber. The material 
selection was performed in conjunction with the pump manufacturer. Rubber has an excellent 
combination of hardness and abrasion resistance, but we still expected to see some degree of 
wear from the beginning, including some scoring at the sliding surfaces. Throughout the runs, 
absolutely no wear was visible on the rotor (stainless steel) or the stator. All inspections were 
visual. 

4.5.8.4 Thermal Pretreatment 

The thermal pretreatment system, which began after the High-Pressure Pump, consisted of an 
inline direct steam injection section and a reactor (for residence time). The inline direct steam 
injection system was design and built in-house, to heat the high-solids slurry stream from 
140oF to up to 360oF. Off the shelf designs were not capable of handling the solids 
concentrations. The system successfully heated the slurry at a normal operating rate of 2 Tons 
per Day and 12 percent - 14 percent solids concentration. No plugging of the process line was 
encountered. The steam injection ports did tend to plug with the initial design. Modifications 
were made to the design and operating philosophy to reduce the plugging tendency. 
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Based upon the input water and solids rates and the temperature increase required, a 
theoretical amount of steam input is required to heat the mechanically pretreated slurry, 
shown in Figure 185. Typically, the actual steam requirement are greater due to heat losses 
from the equipment, resulting is a reduced heating efficiency, which also results in additional 
water added to the system (which should be avoided). A large amount of the inefficiency can 
be attributed to the uninsulated piping and vessel sections, shown in Figure 186. These areas 
were left uninsulated due to aspects of construction and commissioning timing and were left 
unaddressed. They posed no safety hazard due their height and/or area access restrictions. 

Figure 185: Daily Steam Heating Efficiencies for Runs 243 – 247 (Continuously 
Stirred Tank Reactor and Plug Flow Reactor) 

 

Source: Edeniq, Inc.  

In operation, we saw that even with the large degree of uninsulated surface area, the steam 
efficiencies of the continuous processes were more the two times better than a typical batch 
process, shown in Figure 187. Batch processes suffers from the steam losses as the entire 
vapor space is blown-down, losses to the equipment cooling during full depressurization, and 
additional heat losses to the surroundings during the loading, pressurization, and 
depressurization time periods (beyond just the residence time period, which applies to the 
continuous reactors as well). With full insulation, the steam efficiencies are anticipated to 
increase to up to 85 percent efficiency. This is based upon theoretical heat transfer 
calculations using film heat transfer coefficients fit to the steam efficiency data. 
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Figure 186: Uninsulated Sections in the Pretreatment System 

 

Source: Edeniq, Inc.  

One of the sensitivity analyses that was conducted was the impact of severity factor on 
pretreatment efficiency (measured as conversion in a 10 percent solids slurry with 6 percent 
enzyme dosing) for the two continuous reactor schemes. The majority of the work was 
conducted in the Continuously Stirred Tank Reactor , as it was expected to deviate the most 
from the batch reactor that we have done all of our previous work with. The C6, C5, and ratio 
of C6:C5 responses are shown in Figure 188. Both reactors show a similar response to severity 
factor, with an optimal severity factor being at greater than 3.85. As we were interested in 
both the C6 and C5 yields, a severity factor of 3.95 was deemed the target value. This is the 
value that takes advantage of the different response curves for C6 and C5 and the fact that 
there is more glucan available than xylan. It was observed that the Plug Flow Reactor provided 
better C6 and C5 conversions for the conditions tested. The Plug Flow Reactor was operated at 
higher temperatures and lower residence times due to the capacity (volume) limitation of the 
Plug Flow Reactor. The inhibitor levels from the Plug Flow Reactor operations were about 25 
percent of what was observed in the Continuously Stirred Tank Reactor . This may indicate 
that shorter times at higher temperatures are beneficial from a conversion and inhibitor 
perspective. The Continuously Stirred Tank Reactor is not easily operated at the conditions 
that the Plug Flow Reactor is due to the pressure rating of the Continuously Stirred Tank 
Reactor . Additional work is required to resolve this difference. 
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Figure 187: Steam Efficiencies for Batch and Continuous (Continuously Stirred 
Tank Reactor and Plug Flow Reactor) Pretreatment Processes 

 

Source: Edeniq, Inc. 

Figure 188: C6, C5, and Relative (C6 to C5) Responses to Severity Factor 

 

Source: Edeniq, Inc. 
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4.5.8.5 Flashing 

Constant control of the flashing operation was accomplished through the use of an automated 
control valve, programmed to maintain the level in the pretreatment vessel. For the 
Continuously Stirred Tank Reactor , level in the vessel was maintained within 1 percent of the 
set point, ensuring a very consistent residence time. For the Plug Flow Reactor, the material 
was fed to discharge boot in which the level was maintained, shown in Figure 189. The main 
difficulty encountered in maintaining a consistent flash rate, and therefore steady and accurate 
control of the pretreatment conditions, was measuring the level in the Plug Flow Reactor 
discharge boot. The instrumentation selection and boot design had to be considered to ensure 
good process control.  

Figure 189 – Plug Flow Reactor Thermal Pretreatment Reactor Discharge Boot 
(lower right) 

 

Source: Edeniq, Inc.  

The primary operational consideration was ensuring that the system upstream of the flash 
control valve did not plug. Under poor (dynamic) control conditions and without the 
appropriate piping design and valve selection, the fibrous nature of the solids leads to plugging 
via bridging and dewatering. With the differential pressures (up to 150 psi) that exist, the 
plugs that form are incredibly hard to remove; some plugs encountered could only be removed 
with hammer and chisel. 

During the continuous pretreatment operations (not including commissioning and design 
development) only one plugging event was encountered. The plug occurred due to a slug of 
high sand content at the flash control valve, shown in Figure 190. At the commercial scale, 
most of the concerns around flash valve selection will not revolve around plugging 
considerations, but wear. As the scale increases, the piping and valve sizes increase to a 
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dimension, relative to the fiber dimensions, that significantly reduce the tendency to dewater. 
Instrumentation selection and piping design must still be considered though. 

Figure 190: Normal Feedstock (left) and High Sand Content Material Recovered 
from The Flash Control Valve Plugging Event (right) 

 

Source: Edeniq, Inc.  

For the flash control valve, there was no measurable material loss after the 3, 140+ hour runs. 
Visual inspection also reported no signs of wear. 

4.5.8.6 Buffering 

Continuous buffer, additive, and enzyme injection were implemented; the dosing setups are 
shown in Figure 191. The buffer (50 percent NaOH) was injected into the flash tank and the 
pH was measured at the discharge of the Flash Tank Pump. The buffer dosage was very 
consistent and little control was required. The dosage rate was actually controlled by the solids 
feed rate to the system, with a cascade control function based upon the measured pH. This 
led to pH control typically within 0.2 pH points of the set point, which was the target 
specification range, shown in Figure 192. Although there were occasional deviations outside of 
the upper and lower control limits, saccharification yields remained stable. This can be 
attributed to the average value being 4.98, with is extremely close to the target set point of 
5.0 and the continual mixing downstream in the mix and saccharification augers. The pH in the 
augers was more stable.  

The pH measured by the installed Analysis Indication Transmitter was very consistent with the 
samples that were collected and analyzed with a bench-top unit. The Analysis Indication 
Transmitter unit was selected was capable of handling abrasive slurries and nothing beyond 
typical industrial pH probe maintenance was required.
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Figure 191: Buffer, Additive, and Enzyme Dosing Equipment 

 

Source: Edeniq, Inc.  

Figure 192: pH Control Chart 

 

Source: Edeniq, Inc.  
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4.5.8.7 Saccharification 

This work was exhaustively covered in Task 3, Initial Biorefinery Operation Report. Please refer 
to that section.  

4.5.8.8 Solid and Liquid Separation 

Moving to the backend of the plant, the goal of the Solid and Liquid Separation unit operations 
is to separate the sugar from the recovered liquid stream, recycle the enzymes and unreacted 
biomass, and produce a concentrated waste stream. In the revised operations, marked 
improvements in the Solid and Liquid Separation recoveries were realized by implementing the 
methods described in Section 4.5.6.4. The improvements in the conversions were 
accompanied by, if not a partial result of, improvements in Solid and Liquid Separation 
operations, shown in Figure 193 for the key operations. For the most part, the Solid and Liquid 
Separation operations were improved, but in the case of the saccharified slurry, the difference 
is dramatic. In the initial runs, the entire slurry was recycled from Auger #4 to Auger #1, 
without recovering any of the liquid. In the revised runs the saccharified liquor and the solids 
were processed together to remove all of the liquid and saccharification products. 

Figure 193: Solid and Liquid Separation Related to Suspended Solid Recoveries and 
Liquid Removal 

 

Source: Edeniq, Inc. 

4.5.9 Conclusions 
Edeniq has demonstrated the ability to operate a continuous cellulosic sugar process with all 
major components, including wet-milling, thermal pretreatment, saccharification, enzyme 
recycle, and sugar recovery. The process has achieved 78 percent conversion of cellulosic and 
hemicellulosic biomass with the ability to recover 85 percent of the hydrolyzed sugar as a 
concentrated product stream. The results from this work is directly applicable to the cellulosic 
ethanol process, possibly at a recovery closer to 100 percent. The continuous process was 
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demonstrated at rate of 3.5 dry tons per day and 12 percent solids concentration, except for 
the saccharification process that was only demonstrated at 1 dry ton per day and up to 25 
percent solids concentration. The targets of 20 percent solids in pretreatment and 2 dry tons 
per day in the saccharification augers were not attained. Edeniq’s technologies are being 
developed to achieve the target solids concentrations as well as the auger capacity with 
development of the recycle strategy. 

Edeniq has built and operated a process that is scalable to commercial production levels. The 
groundwork has been laid in establishing baseline operating conditions and performance 
metrics from which to further develop and optimize the performance of preprocessing, 
pretreatment, saccharification, and recovery unit operations with respect to yields, operating 
costs, and capital requirements. Edeniq also believes there to still be low-hanging fruit to 
further increase biomass conversion values and reduce enzyme usage to economical levels. 

4.5.10 Recommendations 
One of the remaining low hanging fruits is optimization of the Solid and Liquid Separation 
process. In this work, a centrifuge was commissioned and put into operation to further 
improve the solids recoveries to the recycle stream and greatly improve Tangential Flow Filter 
sugar recoveries. Preliminary testing was positive, but additional work must be conducted to 
determine the optimum separation quality to be implemented on saccharified material and 
pretreated material. 

Optimization of the system purge and recycle stream must be further developed. This most 
likely requires a mixed strategy of bench-top experiments and long-term pilot or 
demonstration scale runs. Additional unit operations such as a polishing step, inhibitor 
removal/separation, or other such examples to concentrate biomass and enzyme in the recycle 
stream and inhibitor constituents in the waste stream should be explored to further reduce 
enzyme requirements. 

The saccharification auger design must be upgraded to improve counter-current solids and 
liquids flow to efficiently remove saccharification products and mix reactants. As well, there 
may be an opportunity to enhance the mix auger functionality by improving the mixing 
efficiency with mechanical design and enzyme injection details, to improve the initial kinetics 
of the hydrolysis reactions. Accurate customization of the augers to the material is much more 
practical now as the process conditions and recycle strategy are well along and the physical 
properties can be demonstrated and measured, instead of estimated or predicted. 

Design of a simple and scalable plug flow pretreatment reactor should be investigated and 
evaluated against a scaled-up auger reactor. Preliminary testing of a simple, pilot-scale reactor 
would be required to qualify a general design. Integrated into this design must be the cooling 
strategy to cool the pretreated slurry for saccharification. The solids concentration in 
pretreatment will dictate the cooling strategy used (heat exchange or water addition), but it 
should not require additional plant cooling capacity. 

The current design is water intensive. Water recovery, recycle and/or treating must be better 
developed and understood as part of the overall design.
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Appendix I: Life Cycle GHG Model Development 
and Analysis Report 

1.0 Introduction 
This research evaluates the life cycle GHG emissions, or carbon intensity, along with other 
environmental indicators of cellulosic and corn ethanol produced from a retrofitted dry mill 
corn ethanol facility. GHG emissions and other environmental flows are tracked using life cycle 
assessment methods. Life cycle assessment is a technique for evaluating the environmental 
aspects and potential environmental impacts of a product throughout its life cycle, from 
“cradle to grave,” and considers the full supply chain of inputs or processes used in the 
product’s life cycle [3]. 

The retrofit includes a bolt-on technology that produces sugars from corn stover, which 
partially displaces demand for sugars from corn, and yields a combination of cellulosic and 
corn ethanol. In addition to the bolt-on technology at the retrofitted facility, a pretreatment 
step is added to the corn grain process that liberates additional starch from kernels, yielding 
more ethanol per kernel. The bolt-on technology is tested at two capacities in the simulated 
facility; a low level where 3.3 percent of facility feedstock is stover by dry mass (referred to as 
the low stover case) and a high level where 16.7 percent of facility feedstock is stover by dry 
mass (referred to as the high stover case), which are then compared to the facility’s 
performance with no bolt-on technology. Total ethanol production is held constant in all three 
cases. 

The simulated facility draws on the conditions of Pacific Ethanol’s factory in Stockton, 
California, which imports Midwestern corn as a feedstock. California is not a major corn 
producing state. The benefit of producing ethanol in California from imported corn (rather than 
shipping corn ethanol from the Midwest) includes a proximal market for wet distiller’s grains 
and solubles, the primary co-product from dry mill corn ethanol facilities. When the bolt-on 
technology is added to the facility, corn stover produced locally, in California, is assumed to be 
used. 

2.0 Materials and Methods 
2.1 Goal, Scope and System Boundary 
This model assesses field-to-factory-gate environmental impacts including global warming 
potential, select air pollution, fossil fuel use, water use and land use for the production of corn 
ethanol and cellulosic ethanol in a California facility using a process-based, prospective life 
cycle assessment approach. 

The system boundary, shown in Figure 194, includes the agricultural production of corn grain 
in the Midwest and corn stover in California, transportation of feedstocks from farms to the 
ethanol facility, and ethanol conversion processes for the two feedstocks. Equipment use, 
agrochemical production and application, and field biochemical emissions from nitrogen 
fertilizer are included in the assessment of both corn grain and stover production. Production 
of equipment, construction of the ethanol facility, and transport of ethanol from ethanol facility 
to blending terminals are excluded from the system boundary. Because this is a life cycle 
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assessment study, the upstream impacts of production and delivery of all inputs to the system 
are included in the analysis. 

A functional unit of one megajoule ethanol is used in this study. 

Figure 194: System Boundary of Paralleled Ethanol Production System 

 

Source: Edeniq, Inc.  

The non-GHG air pollutants tracked in this study, energy consumption, direct water 
consumption (meaning indirect and upstream water use are not accounted for), and direct 
land use are reported simply as an inventory in the results. GHGs, however, are reported in 
units of CO2-equivalent (CO2e) mass. Global warming potentials convert emissions of non-CO2 

GHGs to CO2e emissions, so that GHGs can be summed and reported in a single indicator. 
Global warming potentials use time-integrated radiative forcing over a specific time horizon to 
estimate the equivalence of non-CO2 GHGs to CO2 on a mass basis, typically using a 100-year 
integration period. The Global warming potentials of methane and nitrous oxide for 100 years 
are 25 and 298, as defined by IPCC’s 2007 Fourth Assessment report [4]. 
This means that 1 kg of methane released is equivalent to 25 kg of CO2 released when 
assessed over a 100-year period. A Fifth Assessment with updated Global warming potentials 
has been published, but the 2007 Global warming potentials are used to enable comparison 
with existing carbon intensity calculations for other biofuel pathways. 
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2.2 System Definition 
A 60 million gallons per year corn ethanol plant is modeled in Stockton, CA. As described in 
the Introduction, three ethanol production cases are included: 

1. Baseline case: 100 percent ethanol production from corn starch, all corn grain is from 
the Midwest and a typical dry mill facility using natural gas and California grid electricity 
is assumed. 

2. Low stover case: 3.3 percent of total feedstock by dry mass is from California corn 
stover, and the remainder is from Midwestern corn. The facility is modeled to include an 
additional pre- processing step (compared to the baseline facility) that provides a 3 
percent increase in corn grain ethanol production as a result of improved starch 
conversion. This enhancement subsequently decreases the mass of co-product 
generated from corn grain, distiller’s grains and solubles sold as animal feed and 
increases the protein concentration of the remaining feed (i.e., from 25.9 percent for a 
typical facility’s distiller’s grains and solubles to 28.1 percent protein for the modeled 
facility) due to reduced starch mass. To make up this loss of co-product the residual 
fiber, namely lignin and non-fermentable hemicellulose sugars, remaining after 
hydrolysis of sugars from the stover are added to the distiller’s grains and solubles . The 
stover feedstock mass was selected to ensure that the wet distiller’s grains and solubles 
co- product achieves a protein composition of 25.9 percent, matching that of wet 
distiller’s grains and solubles from a typical corn ethanol facility. 

3. High stover case: 16.7 percent of total feedstock by dry mass is California corn stover, 
the remainder is Midwestern corn grain. The enhanced starch ethanol production is 
included, as described for the low stover case. However, since the high stover case 
yields much greater quantities of residual fiber, the residual fiber’s suspended solids 
mass (primarily lignin in composition) is combusted in a boiler, displacing natural gas 
demand in the boilers, and the residual fiber’s dissolved solids mass (primarily non-
fermentable xylose from hemicellulose) is added to the wet distiller’s grains and 
solubles in the post fermentation solubles stream. Adding the dissolved solids mass 
achieves approximately the same protein content as the previous cases, 25.9 percent, 
for the wet distiller’s grains and solubles product. 

Facility energy consumption, water use, enzyme inputs, ethanol production and wet distiller’s 
grains and solubles production data are provided by Edeniq and listed in Table 40. 
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Table 40: Ethanol Plant Input and Output Data 

Ethanol Plant Inputs 
Feedstocks Unit Baseline Low Stover High Stover 
Corn grain dry ton/day 1,536 1,449 1,394 

Corn grain moisture content percent 15 15 15 

Corn grain wet ton/day 1,807 1,705 1,640 

Corn grain wet Bu/day 64,000 60,387 58,084 

Corn Stover dry ton/day 0 50 279 

Stover moisture content percent 15 15 15 

Corn Stover wet wet ton/day 0 59 328 

Transportation     

Corn Grain to Elevator Truck dist. mi 20 20 20 

Elevator to Ethanol Plant Rail dist.- km 2829 2829 2829 

Stover to Ethanol Plant Truck dist. mi 0 50 200 

Enzymes     

Alpha-Amylase kg/day 724.55 683.64 657.57 

Gluco-Amylase kg/day 1,379.42 1,301.55 1,251.92 

Cellulase kg/day 0.00 826.36 4,562.21 

Yeast kg/day 68.09 68.09. 68.09 

Facility Utility     

Front-end Electricity kWh/day 18,396 21,271 20,460 

Ethanol Plant Electricity kWh/day 96,004 99,265 98,089 

Ethanol Plant NG MJ/day 3,220 3,242 3,217 

Bolt-on Electricity kWh/day 0 10,261 51,715 

Bolt-on NG MJ/day 0 93 -741 

Ethanol Plant Water gallon/day 171,375 173,946 210,118 

Ethanol Plant Outputs 

WDGS Delivered dry ton/day 534 504 491 

Ethanol Production Gal/day 172,160 172,159 172,159 

Corn Ethanol Gal/day 172,160 170,130 162,064 

Stover Ethanol Gal/day 0 2,029 10,095 

Source: Edeniq, Inc. 
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2.3 Life Cycle Inventory Development 
Life cycle inventories are required to model the inputs to a production system in life cycle 
assessment. For example, a life cycle inventory of nitrogen fertilizer production and transport 
is required to model the full life cycle of fertilizer used in the production system. The life cycle 
inventory of a product or process quantifies the environmental flows (inputs and outputs) 
associated with the provision of a product or process. 

This research required the development of new life cycle inventories for a number of products 
and processes, including California stover, and various California feeds. Other life cycle 
inventories, such as those for chemicals, fuels, electricity, natural gas, agricultural products 
and equipment use were taken directly or adapted from commercial databases and publicly 
available models. These are reported in Table 41. The life cycle inventory of corn production in 
the Midwest is adopted from previous work conducted by Murphy and Kendall [5]. Equipment 
operation and vehicle use, comprised of fuel use and combustion emissions, are modeled using 
California’s official air emissions models, OFFROAD (for non-road vehicles) and EMFAC (for on-
road vehicles) [6, 7]. Fuel production life cycle inventories are then linked with the operational 
fuel use and emissions derived from these models resulting in a “well-to-wheel” life cycle 
inventory for equipment and vehicle use. 
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Table 41: Life Cycle Inventory Data Sources 

Category Name Source (Software, Database) 
Agricultural Chemical Diammonium Phosphate Gabi 6, Ecoinvent 2011 database[8] 
Agricultural Chemicals Liquid Ammonia Gabi 6, Ecoinvent 2011 database[8] 
Agricultural Chemicals Pesticide Gabi 6, Ecoinvent 2011 database[8] 
Agricultural Chemicals Herbicide Gabi 6, Ecoinvent 2011 database[8] 
Cultivation Corn Seed Gabi 6, Ecoinvent 2011 database[8] 
Cultivation Midwestern Corn Grain Murphy and Kendall (2013) [3] 
Cultivation California Corn See Chapter 3.1.1-3.1.2 
Cultivation California Corn Stover See Chapter 3.1.1-3.1.2 
Irrigation Water Kendall et al. [9, 10] 
Equipment Emissions Heavy-duty Tractor EMFAC 2011[6] 
Equipment Emissions Pick-up Truck EMFAC 2011[6] 
Equipment Emissions Tractors OFFROAD 2007[7] 
Equipment Emissions Balers OFFROAD2007[7] 
Transportation Rail Gabi 6, PE 2012 database[11] 
Energy Inputs Diesel Gabi 6, PE 2012 database[11] 
Energy Inputs Gasoline Gabi 6, PE 2012 database[11] 
Energy Inputs Electricity Gabi 6, PE 2012 database[11] 
Energy Inputs NG Gabi 6, USLCI/PE2012 database[11] 
Facility Inputs Cellulase GREET 2013[12] 
Facility Inputs Alpha-amylase GREET 2013[12] 
Facility Inputs Gluco-amylase GREET 2013[12] 
Facility Inputs Yeast GREET 2013[12] 
Facility Inputs Water Gabi 6, PE 2012 database[13] 
Dairy Cattle Feedstuff Corn Silage Gabi 6, Ecoinvent 2011 database[8] 
Dairy Cattle Feedstuff Beet pulp Gabi 6, Ecoinvent 2011 database[8] 
Dairy Cattle Feedstuff Alfalfa Hay Gallego et al. (2011) [14] 
Dairy Cattle Feedstuff California Corn Grain See Section 3.1.3 
Dairy Cattle Feedstuff Cottonseed Meal Gabi 6, PE 2012 database[11] 
Dairy Cattle Feedstuff Almond Hulls& Shell See Appendix A 
Dairy Cattle Feedstuff Salt Gabi 6, PE 2012 database[11] 
Dairy Cattle Feedstuff Dicalcium Phosphate Gabi 6, PE 2012 database[11] 

Source: Edeniq, Inc. 
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2.3.1 Life Cycle Inventory Analysis for Corn Stover Production in California 
Corn stover is traditionally considered an agriculture residue because it is left on the field after 
corn grain harvest, though it provides a service by reducing erosion and returning some 
nutrients to soils. Agricultural residues have been targeted as potential sources of sustainable 
biofuel feedstock because they are expected to be produced with low environmental impacts 
and avert some other negative consequences of dedicated biofuel feedstock crops, such as 
competition for arable land. However, when stover is harvested for biofuel production, it 
becomes a co-product and the harvesting operations and consequential environmental impacts 
of harvest must be allocated to stover. 

Corn stover from California corn is modeled in this study. Because no life cycle assessment has 
ever been conducted previously for corn grain or corn stover production in California, a life 
cycle inventory was developed over three steps to produce a California stover life cycle 
inventory. First, corn production without stover harvest was modeled; second, the additional 
processes for stover harvest and changes to corn cultivation due to stover harvest were 
modeled; and, third, an allocation process was used to determine the environmental flows 
attributable to corn stover alone, resulting in a corn stover life cycle inventory. 

2.3.1.1 California Corn Grain Cultivation 

California corn production was modeled based on typical inputs, equipment usage, and yield 
as defined by published Cost and Return studies available for different regions of production in 
the state from UC Davis’s Agricultural and Resource Economics Department [15-18]. Results 
(yields and inputs) from the Cost and Return studies for the San Joaquin Valley and 
Sacramento Valley are averaged because they are the corn-producing regions most proximal 
to the production facility and they are also the two major corn-production regions in California. 

California fields have an average yield of 5.2 tons6 corn grain per acre at 15.5 percent moisture 
content. This level of yield requires irrigation water at 40 inches per acre per year and is 
assumed to come from 50 percent ground water and 50 percent surface water. Irrigation 
pumping energy consumption is taken from a California irrigation model developed by Kendall 
et al. [9, 10]. Based on this pumping energy model the average energy intensity is 30.5 
megajoule/acre inch in the Sacramento Valley, 38.7 megajoule/acre inch in North San Joaquin 
Valley, and 65.4 megajoule/acre inch South San Joaquin Valley. 

Cultivation and harvesting equipment operation time and driving distance for farm trucks are 
also from the cost and return studies developed at UC Davis [15-18], and air emissions and 
fuel consumption factors for equipment use are from OFFROAD [7]. OFFROAD is the California 
Air Resources Board’s model that simulates non-road equipment combustion emissions and 
fuel use. This model has many operating parameters including region, year of study, and time 
horizon (e.g. average annual, seasonal, etc.). Predicted statewide 2015 annual data of 
California are used for equipment emissions.  

Emissions and fuel use data from pick-up truck operation are based on the EMFAC model [6]. 
The lightest light-duty truck (LTD1) is used assuming an average 35mph speed driving around 
the farm. Equipment list and hours of use are shown in Table 42. 

 
6 Weight unit “ton” refers to short ton in this report. One short ton equals to 0.907 metric tonnes. One ton equals 
to 35.7 bushels corn. 
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Table 42: Equipment Usage for Corn Production in California 

Category Equipment type Horsepower 
(hp) 

Sacramento 
Valley 

San Joaquin 
Valley 

Unit 

Corn Cultivation 2WD Tractor 90 0.44  hours/acre 

Corn Cultivation 2WD Tractor 125  0.89 hours/acre 

Corn Cultivation 2WD Tractor 135 0.94  hours/acre 

Corn Cultivation 2WD Tractor 165 0.10  hours/acre 

Corn Cultivation Tractor 230  1.08 hours/acre 

Corn Cultivation Crawler 425 0.11  hours/acre 

Corn Cultivation Crawler 200 0.28  hours/acre 

Corn Cultivation Crawler 340 0.22  hours/acre 

Corn Cultivation Pick-up Truck  0.13 0.24 hours/acre 

Corn Cultivation 4WD ATV  0.10  hours/acre 

Corn Cultivation Pump MJ/acre  1096.20 2289.67 MJ/acre 

Corn Harvest Combine 305 0.22  hours/acre 

Corn Harvest 2WD Tractor 90 0.22  hours/acre 

Source: Edeniq, Inc. 

Liquid ammonium phosphate (10-34-0) and liquid ammonia are reported as the nitrogen and 
phosphate fertilizers applied in California corn farms. However, due to the lack of a life cycle 
inventory for liquid ammonium phosphate, diammonium phosphate is used as a surrogate for 
liquid ammonium phosphate to meet phosphate requirements. 

Additional nitrogen demand beyond that provided in the diammonium phosphate is assumed 
to be met with liquid ammonium (at 30 percent nitrogen content). Though potassium is 
typically part of fertilizer applications for corn grown in the U.S. Midwest, it not reported as 
being used for California corn production [15-18], so it is not included. The total application of 
nitrogen and P2O5 are 240 lb. and 23.3 lb. per acre per year, respectively, and a corn yield of 
5.2 ton/acre. Compared to Murphy and Kendall’s values of 140 lb. nitrogen and 60 lb. P2O5 per 
acre yielding 4.12-ton corn per acre [5], corn grain cultivation in California requires higher 
nitrogen fertilizer and lower phosphate fertilizer but achieves a higher corn yield by 1 ton per 
acre. 0.9 kg and 0.75 kg of general pesticides and herbicide are assumed for California corn 
grain application. 

2.3.1.2 Corn Stover Production 

Assuming stover is produced at a 1:1 dry weight ratio to grain yield, an average of 5.2 ton per 
acre corn stover can be produced in California. However, stover is typically left on the field or 
incorporated into the soil to return nutrients and carbon and improve soil fertility, so most 
research has assumed only a portion of the stover should be harvested to prevent soil organic 
carbon loss and other unintended effects on soil. Unfortunately, there is little guidance on 
appropriate stover removal rates. Stover harvesting equipment activities are adopted from 
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Hess et al.[19] as listed in Table 43. The fuel consumption and air emissions from stover 
harvesting equipment, including a shredder, windrow, baler, stacker and telehandlers for 
upload and download are modeled similarly to corn cultivation and harvest. Corn stover is 
harvested and transported at 15 percent moisture content. 

Nutrients and carbon embodied in corn stover are removed from soil when stover is harvested 
instead of left on the ground. Previous researchers have assumed that removal of these 
nutrients require replacement with synthetic fertilizers. Replacement of nitrogen and 
phosphate fertilizers are calculated using nutrient compositions in the stover from Murphy and 
Kendall [5]. The environmental impacts of the additional synthetic fertilizer production and 
application are allocated to corn stover. The emission factor of nitrous oxide volatilization from 
nitrogen fertilizer was estimated as 1.525 percent of applied nitrogen as adopted from the 
GREET model [20]. 

Table 43: Equipment Usage for Stover Harvesting (at 40 percent Removal 
Scenario) 

Category Equipment HP Use Unit 

Stover Harvest Shred / Windrow (15ft flail shredder w/ windrow) 240 0.14 hours/acre 

Stover Harvest Bale tractor 225 0.04 hours/acre 

Stover Harvest Baler 180 0.04 hours/acre 

Stover Harvest Stacker (roadside) 240 0.04 hours/acre 

Stover Harvest Telehandlers (Load and Unload) 100 0.04 hours/acre 

Source: Edeniq, Inc.  

2.3.1.3 Corn Stover Supply Scenarios 

Many studies have shown that high stover harvest rates decrease soil quality [21], but not all 
studies agree. For example, a study by Moebius-Clune et al. [17] found that stover removal 
has no effect on soil quality under no-till production practices. Usually a harvesting rate less 
than 40 percent of stover by mass for biofuel production is considered to be sustainable under 
typical practices, as little soil organic carbon is thought to be lost at and below 40 percent [5]. 
However, Blanco-Canqui [22] conclude that only 25 percent or less of stover removal has little 
impact on soil organic carbon and total nitrogen in soil. Therefore, two scenarios testing stover 
removal rates are evaluated as below. 

1. 40 percent Removal Scenario: assumes the stover harvest rate is 40 percent, yielding 
2.08 tons stover (at typical moisture) or 1.77 dry tons per acre. Nutrients (nitrogen and 
phosphate) removed in stover are assumed to be replaced with synthetic fertilizers. The 
stover harvest radius is 50 miles which means the one-way transport of corn stover 
from farm to ethanol plant is 50 miles because corn farms in Sacramento County and 
San Joaquin County are able to meet the stover demand of the ethanol facility. The 40 
percent case accounts for the supplementation of nitrogen fertilizer equal to the 
quantity of nitrogen removed in stover, as well as the impact of nitrous oxide emission 
from nitrogen fertilizer. 

2. 25 percent Removal Scenario: assumes the stover harvest rate is 25 percent (1.3-ton 
stover/acre or 1.11 dry ton/acre) so that nutrients removed from stover do not need 
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replacement, thus no additional fertilizers required [22]. When the stover removal rate 
is reduced to 25 percent, the corn stover supply from Sacramento and San Joaquin 
counties is not sufficient to meet demand in the high stover case, and a wider radius is 
required. The harvest radius increases from 50 miles to 200 miles, according to the corn 
cultivation acreage data in California [23]. Equipment usage hours increase as well 
since average stover yield decreases per acre. The horsepower of harvesting equipment 
is assumed to be the same as the 40 percent harvest case. The accuracy of this 
assumption is unknown since very limited information is available for the equipment 
speeds, efficiencies, and power ratings at different stover harvesting rates. 

These two scenarios do not include a full spectrum of possible stover collection circumstances 
in terms of removal fraction and nutrient replacement. For example, it is possible that at 40 
percent removal, less than 100 percent of the removed nitrogen needs replacement. 
Moreover, some studies report reductions in post-harvest nitrous oxide field emissions when 
stover removal is conducted [24]. The complex interactions of stover removal, nitrous oxide 
emissions, and soil organic carbon changes are not addressed in this modeling due to a lack of 
data and should be researched if the implications of stover removal and stover removal rates 
are to be better understood. In addition, the economics of low stover harvest rates, such as 
the 20 percent case, have not been examined, and such low harvest rates may not be 
economically viable. 

2.4 Transportation of Feedstocks 
Corn kernels are imported from the Midwest via the rail carrier BNSF. Rail miles are estimated 
using the BNSF 6003 Rail Miles Inquiry [25]; the rail distance from Grand Island, Nebraska to 
Stockton, CA is 1758 miles (2829 km). Heavy duty trucks are used to transport corn from 
farms to rail elevator stations assuming 20 miles average distance. Corn kernels are delivered 
to the modeled ethanol facility by train directly. 

Corn stover is transported from California farms to the ethanol facility at Stockton, CA using 
heavy duty trucks. The distance of stover transportation is determined by the stover harvest 
rate. Two distances of stover transportation are assumed for two harvesting scenarios, as 
described in the previous section. 

2.5 Allocation of Facility Operations between Corn Ethanol and 
Cellulosic Ethanol 
An allocation process is required to assign life cycle impacts to each of the two ethanol types 
produced when the bolt-on technology is added to the system. To conduct the allocation, a 
multi-step process is used whereby a subdivision method is applied to those processes which 
can be wholly attributed to either of the products, shown in Figure 195, followed by an 
energy-based allocation of shared facility processes, and then a displacement calculation for 
the generated co-product of wet distiller’s grains and solubles used as livestock feed. Because 
both the ethanol types contribute to the mass of the wet distiller’s grains and solubles 
produced, a mass-based allocation is used to allocate the displacement value to each ethanol 
type.  



 

 I-11 

Figure 195: System Subdivision with Heat Generation Credit to Cellulosic Ethanol 

 

Source: Edeniq, Inc. 

The following list describes the allocation assumptions used for each of the allocation steps: 

1. Subdivision: 
• Stover ethanol is allocated 100 percent of the bolt-on energy consumption and 

generation, and corn ethanol is allocated 100 percent of front-end processes. In the 
high stover case, the credit of heat production from lignin combustion is allocated 
entirely to cellulosic ethanol, which is a major contribution to the lower life cycle 
GHG emissions, or carbon intensity, compared to the low stover case. In fact, the 
reduction in carbon intensity is much larger than co- product credits generated from 
wet distiller’s grains and solubles. 

• Corn ethanol is allocated 100 percent of the alpha-amylase and gluco-amylase 
enzymes used in the system. 

2. Energy-based allocation: 
• The energy consumption, utilities, and water in the ethanol facility (excluding the 

corn ethanol front-end and the bolt on process) is allocated in proportion to the 
production of each ethanol type. 

• Yeast is allocated in the same way, in the same ratio to corn ethanol production. 
• The lower heating value of 80.5 megajoule/gallon is assumed for both corn ethanol 

and cellulosic ethanol. 
2.6 Allocation of Wet Distiller’s Grains and Solubles Co-product 
Wet distiller’s grains and solubles is assumed to be used as dairy cattle feed in California. Most 
displacement calculations for distiller’s grains and solubles products in the U.S. are based on 
modeling conducted for the U.S. Corn Belt, yet the availability of feedstuff varies significantly 
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across the U.S. Here, common displacement values used in life cycle assessment of corn 
ethanol for wet distiller’s grains and solubles are calculated, but displacement calculations 
tailored to the California dairy feed market are also calculated to test whether regional 
specificity is important in wet distiller’s grains and solubles displacement calculations. 

2.6.1 Typical Displacement Values 
The GREET model, developed at Argonne National Labs and used in California’s Low Carbon 
Fuel Standard to estimate the carbon intensity of fuels, assumes that distiller’s grains and 
solubles (in either wet or dry form) displaces dairy cattle feed, assumed to be comprised of a 
combination of corn grain and soybean meal. This model is used extensively by researchers 
and policymakers and is widely cited as a source for distiller’s grains and solubles displacement 
calculations. Based on this model, the ethanol production system is credited with avoiding 
emissions from corn and soybean meal production; one kilogram of wet distiller’s grains and 
solubles displaces 0.445 kg of corn grain and 0.545 kg of soybean meal for dairy cattle feed 
(all dry matter based). 

While some feed rations (particularly those in the U.S. Corn Belt) might be reasonably defined 
by this substitution, California feed rations are not because of the different feedstuffs available 
in the state. Thus, while GREET’s default assumptions are used as the baseline value, the next 
section describes additional scenarios where feed assumptions tailored to California are 
modeled and new displacement calculation conducted. 

2.6.2 Displacement of California Dairy Cow Feedstuffs by Wet Distiller’s 
Grains and Solubles 
Based on review of the existing literature, no research or assessment of the displacement 
value for wet distiller’s grains and solubles (or other dairy cattle feeds) in California exists. To 
conduct this calculation a feed optimization tool tailored to California was identified, 
PCDAIRY_2005_USA (Least Cost and Ration Analysis Programs for Dairy Cattle), referred to 
hereafter as PCDAIRY [9]. PCDAIRY uses an economic optimization based on the price of 
available feeds to recommend a balanced ration at lowest cost. To identify feedstuffs likely to 
be displaced by the introduction of wet distiller’s grains and solubles, PCDAIRY is run with and 
without wet distiller’s grains and solubles. By doing so, the consequential change induced by 
introducing local wet distiller’s grains and solubles into the feed market in California can be 
estimated. Of course, if wet distiller’s grains and solubles is introduced in very large volumes, 
the price of wet distiller’s grains and solubles and competing feeds could change; these 
displacement calculations implicitly assume that the introduction of wet distiller’s grains and 
solubles from the simulated facility will not have a significant effect on the price of other feeds. 
The following assumptions and operating parameters were used in the PCDAIRY tool: 

• California dairy feedstuffs lists, and prices are from the California Department of Food 
and Agriculture’s (CDFA’s) California Dairy Statistics and Trends Mid-Year Review 
January-June 2014 Data [26] and Cost of Production 2013 Annual report by CDFA[27] . 

• California milk price is based on averaged statewide annual CDFA data [28]. 
Table 44 was calculated using PCDAIRY, it reflects a model run with an optimization goal of 
milk sale profit given fixed nutrient composition and prices for each feed. Based on PCDAIRY 
calculations, the addition of 1 kilogram wet distiller’s grains and solubles in a standard dairy 
cattle feed ration would result in increases of 0.037 kg of corn silage and 0.0007 kg of 
dicalcium phosphate, while reducing 0.06 kg of beet pulp, 0.04 kg of alfalfa hay, 0.6 kg of corn 
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grain, 0.24 kg of cottonseed meal, 0.22 kg of almond hulls and 0.001 kg of salt, in an optimal 
ration. These changes constitute the effects of adding wet distiller’s grains and solubles to a 
dairy feed ration and will be used to calculate its displacement value. 

Table 44: California Dairy Feed Rations with Wet Distiller’s Grains and Solubles 
Addition (Dry Matter Based) 

 No WDGS Add 
WDGS 

Difference Unit Ratio Unit 

Distilled Corn Grains, Wet 0.00 13.53 -13.53 lb./day 1.00 kg/kg WDGS 

Corn Silage 9.54 10.04 -0.50 lb./day 0.04 kg/kg WDGS 

Beet pulp 13.48 12.64 0.84 lb./day -0.06 kg/kg WDGS 

Alfalfa Hay 9.36 8.86 0.50 lb./day -0.04 kg/kg WDGS 

Corn Grain 8.57 0.00 8.57 lb./day -0.63 kg/kg WDGS 

Cottonseed Meal 8.42 5.22 3.20 lb./day -0.24 kg/kg WDGS 

Almond Hulls& Shells 3.02 0.00 3.02 lb./day -0.22 kg/kg WDGS 

Salt 0.14 0.13 0.01 lb./day 0.00 kg/kg WDGS 

Dicalcium Phosphate 0.07 0.08 -0.01 lb./day 0.00 kg/kg WDGS 

Source: Edeniq, Inc.  

2.6.3 Economic Allocation 
Economic allocation is an alternative approach to displacement calculations, it partitions the 
impacts of a production system among co-produced products based upon the economic value 
of each product. In this study, corn ethanol and cellulosic ethanol are assumed to have the 
same market value of $2.419 per gallon, the average monthly price of ethanol from 2012 to 
2014 [29]. The average 2012 to 2014 monthly price of dried distiller’s grain and solubles is 
$252 per dry ton. This value is used to represent wet distiller’s grains and solubles value (on a 
dry basis) because of a lack of historical market prices for wet distiller’s grains and solubles. 
[30]. 

3.0 Life Cycle Assessment Results 
Carbon intensity values for the three cases, under three different co-product allocation 
methods, are shown in Figure 196, assuming a 40 percent harvest rate for stover. 
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Figure 196: Carbon Intensity Results for Corn and Stover Ethanol (iLUC adder of 30 
g CO2e/Megajoule included in corn ethanol results) 

 

Source: Edeniq, Inc. 

Figure 196 illustrates that corn ethanol results are not very sensitive to the choice of allocation 
method, but stover ethanol from the low stover case is sensitive to allocation methods. This is 
because there is a large quantity of co-product mass generated and used in wet distiller’s 
grains and solubles relative to the quantity of ethanol produced. More detail is provided in the 
subsequent subsections where life cycle CO2e emissions, fossil energy consumption, and select 
air pollutants are reported for corn and cellulosic ethanol by life cycle stage. 

3.1 Feedstock Production in California 
3.1.1 California Stover Production at 40 Percent Harvesting Rate (Baseline) 
Table 45 shows the environmental impacts from corn stover production at a 40 percent 
harvesting rate. GHG emissions from equipment usage are 9.4 kg CO2e/ton stover, while that 
from fertilizers are 84.6 kg CO2e/ton stover. Most of the GHG emissions are from fertilizer 
production and biochemical nitrous oxide emissions from the field. 
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Table 45: Life Cycle GHG Emissions, Fossil Fuel Consumption and Pollutants from 
California Stover Production Harvested at 40 Percent 

 Corn Stover Harvest Corn Stover Fertilizer Corn Stover Total  

Unit kg or MJ 
per acre 

kg or MJ 
per ton 

kg or MJ 
per acre 

kg or MJ 
per ton 

kg or MJ 
per acre 

kg or MJ 
per ton 

GWP100 1.96E+01 9.40 1.76E+02 8.46E+01 1.96E+02 9.40E+01 kg CO2e 

Fossil Energy 2.77E+02 1.33E+02 1.63E+03 7.81E+02 1.90E+03 9.14E+02 MJ 

NMVOC 1.13E-02 5.41E-03 2.93E-02 1.41E-02 4.05E-02 1.95E-02 kg 

CO 4.61E-02 2.21E-02 7.32E-05 3.51E-05 4.62E-02 2.22E-02 kg 

NOX 1.18E-01 5.67E-02 9.96E-02 4.78E-02 2.18E-01 1.05E-01 kg 

SO2 1.32E-02 6.32E-03 1.74E-01 8.36E-02 1.87E-01 9.00E-02 kg 

SOX 1.32E-02 6.32E-03 1.74E-01 8.36E-02 1.87E-01 9.00E-02 kg 

PM10 4.34E-03 2.09E-03 2.98E-02 1.43E-02 3.41E-02 1.64E-02 kg 

PM2.5 1.20E-04 5.77E-05 2.37E-02 1.14E-02 2.38E-02 1.14E-02 kg 

Pb 2.13E-06 1.02E-06 5.10E-05 2.45E-05 5.32E-05 2.55E-05 kg 

Source: Edeniq, Inc. 

3.1.2 California Stover Production at 25 Percent Harvesting Rate 
Harvesting corn stover at a lower rate requires longer equipment use time to obtain the same 
amount of stover compared to the baseline. Thus, higher GHG emissions, higher fossil energy 
consumption and more pollutants from equipment usage occur per ton of stover harvested, 
shown in Table 46. However, total environmental impacts are very low for corn stover 
harvested at low rates because no additional fertilizer is required for stover production and 
thus the significant impacts that result from fertilizer use are avoided. 
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Table 46: Life Cycle GHG Emissions, Fossil Fuel Consumption and Pollutants from 
California Stover Production Harvested at 25 Percent 

Environmental 
indicator or 
pollutant 

Corn Stover Harvest Corn Stover Fertilizer Corn Stover Total  

Unit kg or MJ 
per acre 

kg or MJ 
per ton 

kg or MJ 
per acre 

kg or MJ 
per ton 

kg or MJ 
per acre 

kg or MJ 
per ton 

GWP100 16.0 12.3 0 0 16.0 12.3 kg CO2e 

Fossil Energy 226 174 0 0 226 174 MJ 

NMVOC 8.98E-03 6.90E-03 0 0 8.98E-03 6.90E-03 kg 

CO 3.61E-02 2.77E-02 0 0 3.61E-02 2.77E-02 kg 

NOX 9.57E-02 7.35E-02 0 0 9.57E-02 7.35E-02 kg 

SO2 1.08E-02 8.27E-03 0 0 1.08E-02 8.27E-03 kg 

SOX 1.08E-02 8.27E-03 0 0 1.08E-02 8.27E-03 kg 

PM10 3.40E-03 2.61E-03 0 0 3.40E-03 2.61E-03 kg 

PM2.5 9.82E-05 7.54E-05 0 0 9.82E-05 7.54E-05 kg 

Pb 1.74E-06 1.34E-06 0 0 1.74E-06 1.34E-06 kg 

Source: Edeniq, Inc. 

3.1.3 California Corn Production 
One ton of corn cultivation and harvesting in California causes 384 kg CO2e emissions and 
3944 megajoule of fossil fuel consumption. Fertilizer production and field emissions account 
for approximately two thirds of total emissions and fossil fuel use. Table 47 shows life cycle 
GHG emissions, fossil fuel consumption and pollutants from corn production in California. 
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Table 47: Life Cycle GHG Emissions, Fossil Fuel Consumption and Pollutants from 
Corn Production in California 

 

Environmental 
indicator or 
pollutant 

Corn Cultivation and 
Harvest Equipment 

Corn Fertilizers Corn Total 

kg or 
MJ per 
acre 

kg or MJ 
per ton 
corn 

kg or MJ 
per acre 

kg or 
MJ per ton 

kg or MJ 
per acre 

kg or 
MJ per ton 

Unit 

GWP100 461 88 1541 296 2001 384 kg CO2e 

Fossil Energy 6153 1182 14388 2763 20541 3944 MJ 

NMVOC 1.59E-01 3.05E-02 2.66E-01 5.11E-02 4.24E-01 8.15E-02 kg 

CO 8.85E-01 1.70E-01 7.43E-04 1.43E-04 8.86E-01 1.70E-01 kg 

NOX 1.68E+00 3.22E-01 9.59E-01 1.84E-01 2.64E+00 5.06E-01 kg 

SO2 3.38E-01 6.49E-02 1.65E+00 3.17E-01 1.99E+00 3.82E-01 kg 

SOX 3.38E-01 6.49E-02 1.65E+00 3.17E-01 1.99E+00 3.82E-01 kg 

PM10 7.54E-02 1.45E-02 2.65E-01 5.09E-02 3.41E-01 6.54E-02 kg 

PM2.5 1.30E-02 2.50E-03 2.09E-01 4.02E-02 2.22E-01 4.27E-02 kg 

Pb 5.43E-05 1.04E-05 4.46E-04 8.57E-05 5.01E-04 9.62E-05 kg 

Source: Edeniq, Inc. 

3.2 Feedstock Transportation 
3.2.1 Stover 
Table 48 shows the environmental impacts to deliver one ton of corn stover from corn farm to 
the ethanol facility in California by truck assuming a 40 percent harvest rate (25-mile radius) 
or a 25 percent harvest rate (200 mi radius). 
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Table 48: Life Cycle Assessment of Baseline Corn Stover Transportation 

Environmental indicator 
or pollutant 

40% Harvest Rate 25% Harvest Rate Unit 

GWP100 14.31 57.25 kg CO2e/ton stover 

Fossil Energy 158.5 634.2 MJ/ton stover 

NMVOC 2.99E-03 1.20E-02 kg/ton stover 

CO 1.32E-02 5.28E-02 kg/ton stover 

NOX 7.05E-02 2.82E-01 kg/ton stover 

SO2 7.56E-03 3.02E-02 kg/ton stover 

SOX 7.56E-03 3.02E-02 kg/ton stover 

PM10 1.99E-03 7.97E-03 kg/ton stover 

PM2.5 1.24E-03 4.94E-03 kg/ton stover 

Pb 1.22E-06 4.89E-06 kg/ton stover 

Source: Edeniq, Inc. 

3.2.2 Corn Transportation 
Table 49 shows the GHG emissions, fossil fuel energy, and air pollutants from corn 
transportation by truck and rail from Nebraska to Stockton, CA. 

Table 49: Corn Transportation from Midwest to California 

Environmental 
indicator or pollutant 

Value Unit 

GWP100 69.92 kg CO2e/ton corn 

Fossil Energy 954.5 MJ/ton corn 

NMVOC 9.52E-02 kg/ton corn 

CO 1.87E-01 kg/ton corn 

NOX 9.45E-01 kg/ton corn 

SO2 3.67E-02 kg/ton corn 

SOX 3.90E-02 kg/ton corn 

PM10 2.64E-02 kg/ton corn 

PM2.5 2.50E-02 kg/ton corn 

Pb 1.86E-06 kg/ton corn 

Source: Edeniq, Inc.  
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3.3 Facility Operation 
Enzyme inputs and utility consumptions for corn ethanol production and cellulosic ethanol 
production are reported separately for each facility operation case. 

3.3.1 Enzymes and Yeast 
GHG emissions, fossil fuel consumption and air pollutants from enzymes and yeast production 
for corn ethanol and cellulosic ethanol production are reported in Table 50. The GHG 
emissions from enzyme use for corn ethanol are similar in each facility case. The GHG 
emissions from enzyme use for cellulosic ethanol are much higher than that from corn ethanol 
due to the consumption of cellulase. 

Table 50: Life Cycle Assessment Results for Enzymes and Yeast Use during Ethanol 
Production 

 Baseline Case Low Stover Case High Stover Case Unit 

Grain Stover Grain Stover Grain 

GWP100 8.51E-02 1.59 8.13E-02 1.77 8.21E-02 kg CO2e/gallon 

Fossil Energy 1.12E+00 2.15E+01 1.07E+00 2.38E+01 1.08E+00 MJ/gallon 

NMVOC 8.41E-05 2.79E-03 8.04E-05 3.10E-03 8.11E-05 kg/gallon 

CO 3.70E-04 5.19E-03 3.53E-04 5.76E-03 3.56E-04 kg/gallon 

NOX 1.17E-03 1.13E-02 1.12E-03 1.25E-02 1.13E-03 kg/gallon 

SO2 2.19E-03 1.02E-02 2.09E-03 1.13E-02 2.11E-03 kg/gallon 

SOX 2.19E-03 1.02E-02 2.09E-03 1.13E-02 2.11E-03 kg/gallon 

PM10 1.06E-04 7.00E-04 1.01E-04 7.77E-04 1.02E-04 kg/gallon 

PM2.5 7.14E-05 5.46E-04 6.82E-05 6.06E-04 6.88E-05 kg/gallon 

Source: Edeniq, Inc. 

3.3.2 Facility Utilities 
The bolt-on technology consumes a relatively large amount of electricity compared to other 
processes in traditional ethanol production. However, cellulosic ethanol from the high stover 
case benefits from the use of stover residuals as boiler feed, displacing natural gas used in the 
facility, resulting in net negative GHG emissions from energy use. Results for cellulosic stover 
ethanol are shown in Table 51 and results for corn grain ethanol are shown in Table 52. 
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Table 51: Life Cycle Assessment Results for Cellulosic Ethanol: Facility Energy and 
Water Consumption 

 Low Stover Case High Stover Case Unit 

Energy and Water Inputs 

Electricity 5.51 5.57 kWh/gallon 

NG 1.78 -1.51 m3/gallon 

Water 1.01 1.22 gallon/gallon 

GWP100 

Electricity 2.92 2.95 kg CO2e/gallon 

NG 4.33 -3.68 kg CO2e/gallon 

Water 0.00 0.00 kg CO2e/gallon 

Total GWP 7.25 -0.72 kg CO2e/gallon 

Fossil Energy 

Electricity 37.07 37.51 MJ/gallon 

NG 98.76 -83.81 MJ/gallon 

Water 0.01 0.01 MJ/gallon 

Total Fossil Energy 135.84 -46.29 MJ/gallon 

Air Pollution 

NMVOC 3.82E-04 -1.23E-04 kg/gallon 

CO 6.61E-03 -1.78E-03 kg/gallon 

NOX 7.79E-03 6.60E-04 kg/gallon 

SO2 3.69E-02 -2.70E-02 kg/gallon 

SOX 3.69E-02 -2.70E-02 kg/gallon 

PM10 4.16E-04 -3.20E-05 kg/gallon 

PM2.5 3.76E-04 -7.30E-05 kg/gallon 

Pb 3.90E-07 3.53E-07 kg/gallon 

Source: Edeniq, Inc.  
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Table 52: Life Cycle Assessment Outputs Corn Ethanol: Facility Energy and Water 
Consumption 

 Baseline Case Low Stover Case High Stover Case Unit 

Energy and Water Inputs 

Electricity 0.56 0.58 0.58 kWh/gallon 

Natural gas 0.52 0.52 0.52 m3/gallon 

Water 1.00 1.01 1.22 gallon/gallon 

GWP100 

Electricity 0.30 0.31 0.31 kg CO2e/gallon 

NG 1.26 1.26 1.26 kg CO2e/gallon 

Water 0.00 0.00 0.00 kg CO2e/gallon 

Total GWP 1.55 1.57 1.56 kg CO2e/gallon 

Fossil Energy Consumption 

Electricity 3.75 3.89 3.88 MJ/gallon 

NG 28.64 28.83 28.61 MJ/gallon 

Water 0.01 0.01 0.01 MJ/gallon 

Total Fossil Energy 32.40 32.73 32.51 MJ/gallon 

Air Pollution 

NMVOC 9.06E-05 9.15E-05 9.09E-05 kg/gallon 

CO 1.53E-03 1.55E-03 1.54E-03 kg/gallon 

NOX 1.52E-03 1.54E-03 1.53E-03 kg/gallon 

SO2 1.03E-02 1.03E-02 1.03E-02 kg/gallon 

SOX 1.03E-02 1.03E-02 1.03E-02 kg/gallon 

PM10 9.00E-05 9.12E-05 9.11E-05 kg/gallon 

PM2.5 8.40E-05 8.50E-05 8.44E-05 kg/gallon 

Pb 4.47E-08 4.62E-08 4.63E-08 kg/gallon 

Source: Edeniq, Inc.  

3.4 Co-product Allocation 
3.4.1 Wet Distiller’s Grains and Solubles Displacement in the GREET model 
One kilogram of wet distiller’s grains and solubles produced from ethanol facility could avoid 
0.38 kg CO2 equivalent emissions and 3.76 megajoule fossil energy consumption by replacing 
0.445 kg of corn grain and 0.545 of soybean meal for dairy cattle feed. The displacement 
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credits from wet distiller’s grains and solubles for per gallon ethanol production in each case 
are shown in Table 53.  

Table 53: Displacement Credit from Wet Distiller’s Grains and Solubles Using the 
GREET Model Method 

 Baseline Low Stove Case High Stover Case Unit 

 Grain Stover Grain Stover Grain  

GWP100 1.07 6.36 0.95 1.28 0.97 kg CO2e/gallon 

Fossil Energy 10.59 62.81 9.36 12.69 9.55 MJ/gallon 

NMVOC 8.58E-04 5.09E-03 7.59E-04 1.03E-03 7.75E-04 kg/gallon 

CO 7.24E-04 4.29E-03 6.40E-04 8.67E-04 6.53E-04 kg/gallon 

NOX 1.81E-03 1.07E-02 1.60E-03 2.17E-03 1.63E-03 kg/gallon 

SO2 1.30E-03 7.71E-03 1.15E-03 1.56E-03 1.17E-03 kg/gallon 

SOX 1.30E-03 7.72E-03 1.15E-03 1.56E-03 1.17E-03 kg/gallon 

PM10 2.47E-04 1.47E-03 2.19E-04 2.96E-04 2.23E-04 kg/gallon 

PM2.5 1.63E-04 9.69E-04 1.44E-04 1.96E-04 1.47E-04 kg/gallon 

Ozone 1.55E-07 9.17E-07 1.37E-07 1.85E-07 1.39E-07 kg/gallon 

Pb 1.56E-07 9.27E-07 1.38E-07 1.87E-07 1.41E-07 kg/gallon 

Source: Edeniq, Inc. 

3.4.2 Displacement of California Dairy Cow Feedstuff 
Based upon the California feedstuff displacement rates from PCDAIRY, one kilogram of wet 
distiller’s grains and solubles is estimated to displace 0.415 kg CO2e GHG emissions and 4.28 
megajoule fossil energy consumption. Outputs for non-GHG air pollutant are excluded in this 
section because of the lack of information for these pollutants in the life cycle inventory of 
alfalfa (which includes only life cycle energy and GHG emissions). Results for wet distiller’s 
grains and solubles displacement credits per gallon ethanol production in each case are shown 
in Table 54. 

Table 54: Credit from Wet Distiller’s Grains and Solubles by Displacing California 
Dairy Cow Feedstuffs 

 Baseline Low Stover Case High Stover Case  

Unit Grain Stover Grain Stover Grain 

GWP100 1.17 6.94 1.03 1.40 1.06 kg CO2e/gallon 

Fossil Energy 12.0 71.4 10.6 14.4 10.9 MJ/gallon 

Source: Edeniq, Inc.  
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3.4.3 Economic Allocation Between Wet Distiller’s Grains and Solubles and 
Ethanol 
In the Bolt-on low stover case, 68 percent of environmental impacts are allocated to wet 
distiller’s grains and solubles for cellulosic ethanol production because most of stover inputs 
are attributed to wet distiller’s grains and solubles other than cellulosic ethanol generation. 
Table 55 shows the economic allocations of wet distiller’s grains and solubles credits to corn 
grain and stover ethanol.  

Table 55: Economic Allocation of Wet Distiller’s Grains and Solubles Credits to Corn 
Grain and Stover Ethanol 

 Baseline Low Stover 
Case 

High Stover 
Case 

Unit 

Market Value of WDGS 252 252 252 $/dry ton 

Ethanol Price 2.42 2.42 2.42 $/gal 

Corn WDGS Value 1.34 1.17 1.14 $100,000/day* 

Corn Ethanol Value 4.17 4.12 3.92 $100,000/day 

Allocation Ratio to Corn Ethanol 76% 78% 77%  

Allocation Ratio to Corn WDGS 24% 22% 23%  

Cellulosic WDGS $ -- 9.40 9.45 $1000/day 

Cellulosic Ethanol $ -- 4.90 24.4 $1000/day 

Allocation Ratio to Stover Ethanol -- 34% 72%  

Allocation Ratio to Stover WDGS -- 66% 28%  

Source: Edeniq, Inc. (Note: * refers to facility day.) 

3.5 Summary of Carbon Intensity for Corn Grain and Stover 
Ethanols 
The carbon intensity of corn ethanol and cellulosic ethanol are shown in Table 56 and 57 for 
different stover harvesting rate cases and coproduct allocation scenarios. Stover harvest rates 
have no effect on the carbon intensity of corn ethanol because stover does not contribute to 
corn ethanol production based on the methodology used. The carbon intensity of corn ethanol 
does not seem to be affected by the incorporation of the bolt-on technology. Overall, the 
carbon intensity of corn ethanol remains reasonably steady in the three facility cases (around 
43 gCO2e/megajoule when no iLUC is included). No significant differences are shown among 
the three co-product allocation methods tested. 

Because corn ethanol production is expected to induce iLUC, while stover derived ethanol is 
not, it is important to only compare the carbon intensity of these fuels when iLUC is accounted 
for. In Table 56, the LCFS iLUC adder of 30 gCO2e/megajoule to allow for comparison [31]. It 
should be noted that the California Air Resources Board has ongoing work to update this 
adder, and the update is expected to shrink its value. 
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Table 56: Global Warming Potential100 from Corn and Cellulosic Ethanol Production 
at a 40 Percent Harvest Rate for Economic Allocation and Displacement 

Calculations (gCO2e/Megajoule) 

 Baseline Low Stover Case High Stover Case 

Grain Stover Grain Stover Grain 

Corn Grain or Stover Cultivation 27.3 34.0 26.1 37.9 26.3 

Corn Grain or Stover Transportation 9.1 5.2 8.7 5.8 8.8 

Enzymes & Yeast 1.1 19.8 1.0 22.0 1.0 

Facility Utility & Water 19.2 90.1 19.6 -9.0 19.3 

Total CI (no allocation) 56.7 149.0 55.3 56.7 55.5 

Scenario 1: Net CI after Economic 
Allocation 

42.9 51.1 43.0 40.9 43.0 

Displacement Credit from WDGS-GREET -13.3 -79.0 -11.8 -16.0 -12.0 

Scenario 2: Net CI after Displacement of 

Feeds-GREET 

43.4 70.1 43.5 40.7 43.5 

Displacement Credit from WDGS-CA 
Dairy Feedstuffs 

-14.5 -86.1 -12.8 -17.4 -13.1 

Scenario 3: Net CI after Displacement of 
CA Dairy Feedstuffs 

42.2 62.9 42.4 39.3 42.4 

iLUC Emissions 30 0 30 0 30 

Net CI with iLUC Emissions (Scenario 1) 72.9 51.1 73.0 40.9 73.0 

Net CI with iLUC Emissions (Scenario 2) 73.4 70.1 73.5 40.7 73.5 

Net CI with iLUC Emissions (Scenario 3) 72.2 62.9 72.4 39.3 72.4 

Source: Edeniq, Inc.  

Stover cultivation and utility consumption in the ethanol facility are the most carbon intensive 
processes for cellulosic production at the 40 percent harvest rate, shown in Figure 197. The 
great differences between the low stover case and high stover case are from the facility utility 
usage and wet distiller’s grains and solubles credits. In the high stover case, stover residuals 
are combusted in the boiler to generate heat and displace natural gas demand. The large 
amount of heat provided by the combustion makes the carbon emission from bolt-on system 
below zero and thus reduced total carbon intensity of cellulosic ethanol. The low stover case 
benefits from wet distiller’s grains and solubles stream that contributed by corn stover, but the 
electricity consumption of the bolt-on system is large and cellulosic ethanol production is 
relatively low compared to the energy consumption from the facility. Therefore, the carbon 
intensity of cellulosic ethanol from low stover case is much higher than that from high stover 
case. 
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Figure 197: GHGs from Cellulosic Ethanol at 40 Percent Harvest Rate with GREET 
Displacement Method 

 

Source: Edeniq, Inc.  

Table 57 shows the 25 percent Harvest Rate case for stover. A comparison of Table 57 and 56 
shows the carbon intensity of cellulosic ethanol is higher in 40 percent stover harvest rate than 
in 25 percent stover harvest. The 25 percent stover harvest scenario assumes no supplemental 
nitrogen fertilizer and assigns no nitrous oxide emissions to stover ethanol. If supplemental 
fertilizer can be avoided with a lower stover harvest rate, the carbon intensity of cellulosic 
ethanol decreases dramatically, despite increased transport burdens and equipment use for 
harvesting. Utility consumption in the ethanol facility and transportation of feedstock become 
the most carbon intensive processes for cellulosic production at the 25 percent harvest rate, 
shown in Figure 198.
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Table 57: Global Warming Potential100 of Corn Ethanol and Cellulosic Ethanol 
Production at 25 Percent Harvest Rate (gCO2e/Megajoule) 

 Baseline Low Stover Case High Stover Case 

 Grain Stover Grain Stover Grain 

Cultivation 27.3 4.5 26.1 5.0 26.3 

Transportation 9.1 20.7 8.7 23.1 8.8 

Enzymes & Yeast 1.1 19.8 1.0 22.0 1.0 

Utilities 19.2 90.1 19.6 -9.0 19.3 

Total CI 56.7 135.0 55.3 41.0 55.5 

Scenario 1: Net CI after Economic 
Allocation 

42.9 46.3 43.0 29.6 43.0 

Displacement Credit from WDGS- 

GREET 

-13.3 -79.0 -11.8 -16.0 -12.0 

Scenario 2: Net CI after Displacement 
of Feeds-GREET 

43.4 56.0 43.5 25.1 43.5 

Displacement Credit from WDGS-CA 

Dairy Feedstuffs 

-14.5 -86.1 -12.8 -17.4 -13.1 

Scenario 3: Net CI after Displacement 
of CA Dairy Feedstuffs 

42.2 48.9 42.4 23.6 42.4 

iLUC Emissions 30 0 30 0 30 

Net CI with iLUC Emissions(Scenario 1) 72.9 46.3 73.0 29.6 73.0 

Net CI with iLUC Emissions(Scenario 2) 73.4 56.0 73.5 25.1 73.5 

Net CI with iLUC Emissions(Scenario 3) 72.2 48.9 72.4 23.6 72.4 

Source: Edeniq, Inc. 
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Figure 198: GHGs from Cellulosic Ethanol at 25 Percent Harvest Rate with GREET 
Displacement Method 

 

Source: Edeniq, Inc. 

3.5.1 Implications from Facility Technology Cases 
The wet distiller’s grains and solubles credit for the low stover case is much larger than the 
wet distiller’s grains and solubles credits from any other facility cases due to the small amount 
of cellulosic ethanol production in the low stover case and relatively high wet distiller’s grains 
and solubles contribution from corn stover. Thus, one megajoule of cellulosic ethanol produced 
from the low stover case associates with 0.21 kg of wet distiller’s grains and solubles produced 
from stover while only 0.03 kg to 0.04 kg wet distiller’s grains and solubles is produced from 
other facility cases with 1 megajoule ethanol production, shown in Table 58. 

Table 58: Comparison of Wet Distiller’s Grains and Solubles and Ethanol Production 
Ratios 

 Baseline Low Stover Case High Stover Case Unit 

WDGS per Corn Ethanol 3.49E-02 3.09E-02 3.15E-02 kg WDGS/MJ 
Ethanol 

WDGS per Stover Ethanol -- 2.08E-01 4.19E-02 kg WDGS/MJ 
Ethanol 

Source: Edeniq, Inc.  

3.6 Fossil Fuels 
Fossil fuel consumption is consistent for corn ethanol across the three cases. For cellulosic 
ethanol, the fossil fuel consumption in the low stover case is high due to the bolt-on electricity 
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consumption, no combustion of the stover byproduct lignin, and the small amount of cellulosic 
ethanol produced. Cellulosic ethanol performs best for the high stover case because of the 
natural gas displacement from lignin combustion. Note that this table shows the fossil fuel 
consumption without co-product allocation. Values will decrease for both ethanol types when 
adding credits from co-products. 

Fossil energy consumption is higher for cellulosic ethanol in the 25 percent harvest rate 
scenario than in the 40 percent scenario, shown in Tables 59 and 60, due to the higher fuel 
consumption during further distance transportation of corn stover at low harvest rate. 

Table 59: Fossil Energy Consumption by Corn and Cellulosic Ethanol Production at 
40 Percent Harvest Rate (Megajoule/Megajoule ethanol) 

 Baseline Low Stover Case High Stover Case 

 Grain Stover Grain Stover Grain 

Cultivation 2.01E-01 3.32E-01 1.91E-01 3.69E-01 1.93E-01 

Transportation 1.25E-01 5.74E-02 1.18E-01 6.40E-02 1.20E-01 

Enzymes & Yeast 1.38E-02 2.66E-01 1.33E-02 2.96E-01 1.34E-02 

Facility Utility & Water 4.02E-01 1.69 4.07E-01 -5.75E-01 4.03E-01 

Total Fossil Energy 7.42E-01 2.34 7.31E-01 1.54E-01 7.31E-01 

Fossil Energy after Economic 
Allocation 

5.60E-01 8.03E-01 5.68E-01 1.11E-01 5.66E-01 

Fossil Energy after Displacement 
Feeds -GREET Method 

6.10E-01 1.56 6.13E-01 -3.92E-03 6.12E-01 

Fossil Energy after Displacement of 
CA Dairy Feeds 

5.91E-01 1.46 5.98E-01 -2.46E-02 5.96E-01 

Source: Edeniq, Inc.   
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Table 60: Fossil Energy Consumption by Corn and Cellulosic Ethanol Production at 
25 Percent Harvest Rate (Megajoule/Megajoule ethanol) 

 Baseline Low Stover Case High Stover Case 

 Grain Stover Grain Stover Grain 

Cultivation 2.01E-01 3.46E-01 1.91E-01 3.86E-01 1.93E-01 

Transportation 1.25E-01 2.30E-01 1.18E-01 2.56E-01 1.20E-01 

Enzymes & Yeast 1.38E-02 2.66E-01 1.33E-02 2.96E-01 1.34E-02 

Facility Utility & Water 4.02E-01 1.69 4.07E-01 -5.75E-01 4.03E-01 

Total Fossil Energy 7.42E-01 2.53 7.31E-01 3.62E-01 7.31E-01 

Fossil Energy after Economic 
Allocation 

5.60E-01 8.68E-01 5.68E-01 2.61E-01 5.66E-01 

Fossil Energy after Displacement 
Feeds -GREET Method 

6.10E-01 1.75 6.13E-01 2.04E-01 6.12E-01 

Fossil Energy after Displacement of 
CA Dairy Feeds 

5.92E-01 1.65 5.98E-01 1.82E-01 5.96E-01 

Source: Edeniq, Inc. 

3.7 Air Pollutants 
ARB’s definition of reactive organic gases is similar to the EPA’s definition of volatile organic 
compounds but not identical, methane and ethane are excluded in that air emission group. In 
this study, non-methane volatile organic compounds are reported as the reactive organic 
gases value from OFFROAD2007 and EMFAC2011. The non-GHG air pollutants are reported in 
Table 65 and 66 in grams per megajoule of corn ethanol and cellulosic ethanol production 
without credit from co-product production (Before) after economic allocation and after 
displacement of wet distiller’s grains and solubles at 40 percent harvest rate and at 25 percent 
harvest rate, respectively. 

3.8 Direct Water Use 
Corn grown in Nebraska requires an average of 10 inches irrigation water [32] while California 
corn grain requires 40 inches. However, none of the irrigation water consumption is attributed 
to corn stover production. The only water usage allocated to cellulosic ethanol is from the 
conversion facility. Water usage is not affected by stover harvesting rates. Table 61 shows 
direct water usage for ethanol production. 
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Table 61: Direct Water Usage for Ethanol production 

 Baseline Low Stover Case High Stover Case Unit 

Midwest Corn Irrigation 1.00E+01 1.00E+01 1.00E+01 Inch/day 

Midwest Corn Land 4.39E+02 4.14E+02 3.98E+02 Acre/day 

Corn Water 1.19E+08 1.12E+08 1.08E+08 Gallon/day 

CA Stover Irrigation -- 0 0 Inch/day 

Stover Water -- 0 0 Gallon/day 

Facility Water 1.71E+05 1.74E+05 2.10E+05 Gallon/day 

Total Water Use 1.19E+08 1.13E+08 1.08E+08 Gallon/day 

Corn Ethanol Water 8.60 8.21 8.30 Gallon/MJ 

Cellulosic Ethanol Water -- 1.26E-02 1.51E-02 Gallon/MJ 

Source: Edeniq, Inc.  
3.9 Direct Land Use 
Similar to water consumption, no land use is allocated to corn stover production because the 
primary purpose of corn farming is to produce corn, not corn stover. Stover is considered as 
the marginal product consumes zero direct land use. In theory an economic allocation could be 
applied to estimate a land use value for stover. Table 62 shows direct land use for corn and 
cellulosic ethanol production. 

Table 62: Direct Land Use for Corn and Cellulosic Ethanol Production 

Direct Land Use Baseline Low Stover Case High Stover Case Unit 

Midwest Corn Land 4.39E+02 4.14E+02 3.98E+02 Acre/day 

CA Stover Land 0 0 0 Acre/day 

Total Land Use 4.39E+02 4.14E+02 3.98E+02 Acre/day 

Corn Ethanol Land Use 2.76E-03 2.65E-03 2.76E-03 Acre/MJ 

Cellulosic Ethanol Land Use -- 0 0 Acre/MJ 

Source: Edeniq, Inc. 

4.0 Discussion 
4.1 Optimization of Feedstock Supply 
The assumption of nutrient replacement in the corn stover supply scenarios highly impacts the 
carbon intensity, fossil fuel and air pollutant emissions of cellulosic ethanol. This study only 
tests two simple scenarios, 100 percent replacement of fertilizer with 40 percent harvest rate 
and no replacement of fertilizer with 25 percent harvest rate. However, if 50 percent of total 
fertilizer is replaced with the 40 percent harvest case, the carbon intensity of cellulosic ethanol 
could be reduced by 15 percent to 40 percent (depending on other scenario assumptions). 



 

 I-31 

Further research is needed in field practices with corn stover farming and harvesting, to test 
the optimized harvest rate with least environmental impacts. 

The harvest radius also impacts the life cycle fossil fuel consumption of the cellulosic ethanol, 
especially given areal effects on the feedstock supply. A more sophisticated optimization-based 
analysis is suggested to develop an optimum recommendation for harvest rate and transport 
distance that is specific to the region being analyzed and reflects corn planting density and 
road networks. 

4.2 Alternative Methods for Allocating the Benefits of Lignin 
Combustion 
Because the high stover case results in energy generation beyond what is demanded by the 
bolt- on system and is used by the ethanol facility, the surplus energy must be dealt with as 
an allocation problem. There are two perspectives for conducting this allocation problem, the 
first is a consequential approach, whereby the changes to a system are modeled (Method 1 
below), and an attributional approach where an existing system producing multiple products is 
simply partitioned among the co-products (Method 2). The conditions of 

Method 1: Heat produced from the combustion of stover meets heat requirements of the bolt-
on equipment, and excess heat displaces the natural gas requirement of ethanol facility. 
Displaced facility natural gas is credited to the cellulosic ethanol, and corn ethanol is assigned 
the consumption of that displaced natural gas. This is can be seen as a consequential 
approach to allocation since it presumes that in the absence of the bolt-on system that natural 
gas would be consumed , shown in Figure 199.  
 
Figure 199: System Subdivision with Heat Generation Credit to Cellulosic Ethanol 

 

Source: Edeniq, Inc. 
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Method 2: Heat produced from stover residual combustion will meet the heat requirement of 
the bolt-on system and provide supplemental heat to the ethanol facility. The extra heat is 
consumed by the ethanol facility and shared by cellulosic ethanol and corn ethanol in 
proportion to the ratio of production for the two ethanol types. This method can be interpreted 
as an attributional approach because there is no presumption of the lignin displacing natural 
gas and simply reflects ethanol facility operation, shown in Figure 200. 

Figure 200: System Subdivision with Heat Generation Credit Shared by Corn 
Ethanol and Cellulosic Ethanol 

 

Source: Edeniq, Inc. 

Using the two methods will result in different carbon intensity values for corn ethanol and 
cellulosic ethanol; using Method 2 will assign a higher carbon intensity to cellulosic ethanol and 
lower carbon intensity to corn ethanol compared to using Method 1. However, the total life 
cycle GHG emissions from the whole facility (combined corn ethanol and cellulosic ethanol) will 
remain the same. 

Method 1 is believed to be the right allocation method for an existing facility retrofitted with a 
bolt-on system, as is modeled here, because this reflects a change to an existing facility. The 
attributional approach (Method 2) would be more appropriate if a green field facility were built 
that coupled the bolt-on technology and traditional corn ethanol production. A comparison of 
the two allocation methods is still made in this report to illustrate the potential effect of the 
choice of allocation and to illustrate the potential differences between a green field facility and 
retrofitted facility. 

4.2 Uncertainty and Limitations in Life Cycle Inventory Data 
4.2.1 Enzymes 
There are limited sources of life cycle inventories or other relevant data for life cycle inventory 
development for enzymes. In the GREET model, the life cycle inventories of yeast and alpha-
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amylase are collected from Dunn et al [33] and the life cycle inventory of cellulase is from 
Wang et al. [20]. 

One challenge of using existing data is that the active ingredients in cellulase products can be 
very different and may result in variations in dosing rates and efficiency. In fact, a review of 
previous literature and sources show significant differences in enzyme dosage among studies, 
as shown in Table 63, suggesting differences in the cellulase products, yet these studies do 
not provide detailed information on the products they model. In fact, the concentration of 
enzyme solutions among enzyme suppliers range from 8 percent to 24 percent solids content. 
Edeniq uses enzyme solutions with around 8 percent to 10 percent concentration. However, in 
previous studies referenced here [20, 33], the unit of dosage is expressed as kg enzyme per 
dry metric ton substrate. It is not clear if the enzyme refers to a dry mass value or enzymes in 
solution. Edeniq’s dosing rates of alpha- amylase, gluco-amylase, and cellulase are similar to 
other studies. 

Edeniq’s yeast dosage is low compared to the GREET model, but yeast dosing rates are not as 
readily available as enzyme dosing rates making comparison difficult. 

Table 63: Comparison of Enzymes Dosing Rates from Different Studies 

Enzyme type 
or Yeast 

Unit Edeniq Dunn 2012, 
Industry [33] 

Maclean & Spatari 
2009 [33] 

Wang 2012 
[20] 

Alpha-amylase kg solution/dry 

tonne corn 

0.52 0.36 0.80 1.04 

Gluco-amylase kg solution/dry 

tonne corn 

0.99 0.61 1.10 1.04 

Cellulase kg solution/dry 

tonne stover 

13.40 10-100 9.2-9.6 15.50 

Yeast to 

propagation 

Kg dry/dry 

tonne substrate 

0.035 -- -- 0.358 

(corn) 

Yeast to 
propagation 

Kg dry/dry 
tonne substrate 

0.045-0.048 -- -- 2.49 

(cellulosic) 

Source: Edeniq, Inc.  

4.2.2 Co-Product Allocation 
Both displacement calculations and economic allocation methods could be sensitive to intra- 
annual and inter-annual feedstuff price volatility. Seasonal changes in the market value of 
feedstuffs will affect the composition of feed rations, resulting in a variation of the 
displacement credit from wet distiller’s grains and solubles over the period of a year. More 
seasonal or monthly data on the historical prices for dairy cow feedstuffs in California would 
help quantify potential variability in displacement calculations for wet distiller’s grains and 
solubles. Year-to-year price volatility has been quite high in recent years as well. For example, 
during the three years from 2012 to 2014, the price of dried distiller’s grain and solubles varied 
from $117 per ton to $280 per ton [30], and the prices of ethanol fluctuated from $1.6 to $2.9 
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per gallon [29]. As with the intra-annual volatility, improved data and modeling could help 
estimate the expected variability in wet distiller’s grains and solubles displacement credits over 
time. 

Another important consideration is the nutrient contribution of stover to wet distiller’s grains 
and solubles; it is primarily lignin (though dissolved solids such as xylose are also included) 
instead of protein, fat, or starch. The nutrient values of these cellulosic residuals for dairy 
cattle are not as high as whole wet distiller’s grains and solubles. This study assumes the 
qualities of wet distiller’s grains and solubles from the combined stover and grain facility are 
identical to wet distiller’s grains and solubles from a corn grain-only facility. A more detailed 
assessment could examine the nutrient contribution of each source (corn grain and stover) to 
wet distiller’s grains and solubles. This seems most important for the low stover case, because 
the wet distiller’s grains and solubles co-product credit is extremely important to the 
performance of the stover ethanol, while in the high stover case most of the co-product credit 
for stover ethanol comes from displacement of natural gas when residuals are used as boiler 
feed and thus the methods used to calculate dairy feed displacement credits do not have a 
significant effect on stover ethanol carbon intensity. 

5.0 Conclusion 
Stover ethanol produced from the bolt-on technology has lower carbon intensity, lower fossil 
energy consumption and less air pollutant emissions than corn ethanol based on this life cycle 
study, and stover production seems to avoid key sustainability issues that affect biofuel 
feedstocks, like water and land use. However, the sustainability of stover removal from the 
standpoint of soil carbon and the effect of stover removal on fertilizer demand and other 
farming practices are uncertain and require additional research. 

Co-product credits are important for the performance of both stover and corn ethanol in this 
production system. Interestingly, the co-product allocation method selected (e.g. economic 
allocation or displacement methods) do not result in significant effects on the carbon intensity 
of stover or corn ethanol except for the case of stover ethanol from the low stover facility. In 
this case, stover ethanol is produced in small quantities compared to its “co-product” of 
residuals used in wet distiller’s grains and solubles, and the contribution of residuals to wet 
distiller’s grains and solubles dominates the economic allocation, and to a lesser extent in 
displacement calculations. As indicated in the discussion, a nutrient-based co-product 
allocation process could change these results significantly. 

The high stover case does not face the same uncertainty with regard to co-product allocation 
methods. The use of the solid residual byproduct as boiler feed (a use that is internal to the 
system) is relatively straightforward to quantify, and the results for the carbon intensity of 
stover ethanol from this case are consistent across co-product allocation methods. 
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7.0 Almond Hull Life Cycle Inventory 
An almond hull life cycle inventory was created using the results of a detailed life cycle study 
of California almond production as documented in Kendall et al. (under review) and was 
calculated by Elias Marvinney. Almond hulls are generated as a co-product at the hulling and 
shelling stage of almond processing and are an important revenue stream, constituting 49 
percent of the mass of material generated by hulling and shelling and providing an important 
revenue stream for hulling and shelling operations. An economic allocation process was used 
to partition the environmental flows between almonds, almond hulls and the other co-products 
generated at the hulling and shelling stage, shown in Table 64. 

The following life cycle inventory was generated using the above methods: 

Table 64: Life Cycle Inventory for 1 kg of Almond Hulls Based on Economic 
Allocation 

Pollutant Per kg almond hull 

CO2 (kg) 3.50E-02 

N2O 9.25E-05 

CH4 1.71E-04 

SF6 8.49E-10 

Total Energy (MJ) 1.41E+00 

Fossil Energy (MJ) 1.18E+00 

Renewable Energy (MJ) 1.41E-02 

PM2.5 3.05E-04 

Ozone 1.02E-06 

Pb (air) 1.50E-08 

NMVOC 1.49E-02 

CO 6.69E-04 

NOX 2.43E-04 

SO2 1.19E-02 

Source: Edeniq, Inc.
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8.0 Select Air Pollutants from Corn Ethanol and Cellulosic Ethanol 
Table 65 shows the life cycle air pollutant emissions from ethanol production at 40 percent 
harvest rate. 

Table 65: Life Cycle Air Pollutant Emissions from Ethanol Production at 40 Percent 
Harvest Rate 

Air Pollutant Unit Baseline Low Stover 
Case 

High Stover 
Case 

Before Allocation - Corn Ethanol 
NMVOC g/MJ Ethanol 6.60E-02 6.31E-02 6.37E-02 
CO g/MJ Ethanol 1.98E-01 1.90E-01 1.91E-01 
NOX g/MJ Ethanol 3.31E-01 3.17E-01 3.20E-01 
SO2 g/MJ Ethanol 1.59E-01 1.59E-01 1.58E-01 
SOX g/MJ Ethanol 1.88E-01 1.86E-01 1.86E-01 
PM10 g/MJ Ethanol 1.93E-02 1.85E-02 1.87E-02 
PM2.5 g/MJ Ethanol 1.60E-02 1.53E-02 1.55E-02 
Ozone g/MJ Ethanol 1.09E-05 1.04E-05 1.05E-05 
Pb g/MJ Ethanol 5.06E-06 4.88E-06 4.92E-06 
Before Allocation - Cellulosic Ethanol 
NMVOC g/MJ Ethanol -- 4.74E-02 4.58E-02 
CO g/MJ Ethanol -- 1.59E-01 6.29E-02 
NOX g/MJ Ethanol -- 2.96E-01 2.30E-01 
SO2 g/MJ Ethanol -- 6.20E-01 -1.56E-01 
SOX g/MJ Ethanol -- 6.20E-01 -1.56E-01 
PM10 g/MJ Ethanol -- 2.04E-02 1.65E-02 
PM2.5 g/MJ Ethanol -- 1.60E-02 1.16E-02 
Ozone g/MJ Ethanol -- 8.06E-06 8.98E-06 
Pb g/MJ Ethanol -- 1.45E-05 1.51E-05 
Economic Allocation-Corn Ethanol 
NMVOC g/MJ Ethanol 4.99E-02 4.91E-02 4.93E-02 
CO g/MJ Ethanol 1.50E-01 1.48E-01 1.48E-01 
NOX g/MJ Ethanol 2.50E-01 2.46E-01 2.47E-01 
SO2 g/MJ Ethanol 1.21E-01 1.24E-01 1.23E-01 
SOX g/MJ Ethanol 1.42E-01 1.45E-01 1.44E-01 
PM10 g/MJ Ethanol 1.46E-02 1.44E-02 1.45E-02 
PM2.5 g/MJ Ethanol 1.21E-02 1.19E-02 1.20E-02 
Ozone g/MJ Ethanol 8.25E-06 8.10E-06 8.15E-06 
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Air Pollutant Unit Baseline Low Stover 
Case 

High Stover 
Case 

Pb g/MJ Ethanol 3.83E-06 3.79E-06 3.81E-06 
Economic Allocation - Cellulosic Ethanol 
NMVOC g/MJ Ethanol -- 1.63E-02 3.31E-02 
CO g/MJ Ethanol -- 5.44E-02 4.53E-02 
NOX g/MJ Ethanol -- 1.02E-01 1.66E-01 
SO2 g/MJ Ethanol -- 2.12E-01 -1.13E-01 
SOX g/MJ Ethanol -- 2.12E-01 -1.13E-01 
PM10 g/MJ Ethanol -- 7.00E-03 1.19E-02 
PM2.5 g/MJ Ethanol -- 5.47E-03 8.40E-03 
Ozone g/MJ Ethanol -- 2.76E-06 6.48E-06 
Pb g/MJ Ethanol -- 4.96E-06 1.09E-05 
WDGS Displacement of Feeds-GREET Method-Corn Ethanol 
NMVOC g/MJ Ethanol 5.54E-02 5.37E-02 5.41E-02 
CO g/MJ Ethanol 1.89E-01 1.82E-01 1.83E-01 
NOX g/MJ Ethanol 3.08E-01 2.97E-01 2.99E-01 
SO2 g/MJ Ethanol 1.43E-01 1.45E-01 1.44E-01 
SOX g/MJ Ethanol 1.72E-01 1.72E-01 1.71E-01 
PM10 g/MJ Ethanol 1.63E-02 1.58E-02 1.59E-02 
PM2.5 g/MJ Ethanol 1.40E-02 1.35E-02 1.36E-02 
Ozone g/MJ Ethanol 8.99E-06 8.72E-06 8.79E-06 
Pb g/MJ Ethanol 3.12E-06 3.16E-06 3.17E-06 
WDGS Displacement of Feeds-GREET Method-Cellulosic Ethanol 
NMVOC g/MJ Ethanol -- -1.58E-02 3.31E-02 
CO g/MJ Ethanol -- 1.05E-01 5.21E-02 
NOX g/MJ Ethanol -- 1.63E-01 2.03E-01 
SO2 g/MJ Ethanol -- 5.24E-01 -1.76E-01 
SOX g/MJ Ethanol -- 5.24E-01 -1.76E-01 
PM10 g/MJ Ethanol -- 2.18E-03 1.29E-02 
PM2.5 g/MJ Ethanol -- 3.92E-03 9.21E-03 
Ozone g/MJ Ethanol -- -3.32E-06 6.68E-06 
Pb g/MJ Ethanol -- 2.95E-06 1.28E-05 

Source: Edeniq, Inc. 
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Table 66 shows the life cycle air pollutant emissions from ethanol production at 25 percent 
harvest rate. 

Table 66: Life Cycle Select Air Pollutant Emissions from Ethanol Production at 25 
Percent Harvest Rate 

Air Pollutants Unit Baseline Low Stover 
Case 

High Stover 
Case 

Before Allocation - Corn Ethanol 
NMVOC g/MJ Ethanol 6.60E-02 6.31E-02 6.37E-02 
CO g/MJ Ethanol 1.98E-01 1.90E-01 1.91E-01 
NOX g/MJ Ethanol 3.31E-01 3.17E-01 3.20E-01 
SO2 g/MJ Ethanol 1.59E-01 1.59E-01 1.58E-01 
SOX g/MJ Ethanol 1.88E-01 1.86E-01 1.86E-01 
PM10 g/MJ Ethanol 1.93E-02 1.85E-02 1.87E-02 
PM2.5 g/MJ Ethanol 1.60E-02 1.53E-02 1.55E-02 
Ozone g/MJ Ethanol 1.09E-05 1.04E-05 1.05E-05 
Pb g/MJ Ethanol 5.06E-06 4.88E-06 4.92E-06 
Before Allocation - Cellulosic Ethanol 
NMVOC g/MJ Ethanol -- 5.07E-02 4.95E-02 
CO g/MJ Ethanol -- 1.73E-01 7.87E-02 
NOX g/MJ Ethanol -- 3.67E-01 3.09E-01 
SO2 g/MJ Ethanol -- 6.27E-01 -1.48E-01 
SOX g/MJ Ethanol -- 6.27E-01 -1.48E-01 
PM10 g/MJ Ethanol -- 2.24E-02 1.88E-02 
PM2.5 g/MJ Ethanol -- 1.71E-02 1.29E-02 
Ozone g/MJ Ethanol -- 8.06E-06 8.98E-06 
Pb g/MJ Ethanol -- 1.57E-05 1.65E-05 
Economic Allocation-Corn Ethanol 
NMVOC g/MJ Ethanol 4.99E-02 4.91E-02 4.93E-02 
CO g/MJ Ethanol 1.50E-01 1.48E-01 1.48E-01 
NOX g/MJ Ethanol 2.50E-01 2.46E-01 2.47E-01 
SO2 g/MJ Ethanol 1.21E-01 1.24E-01 1.23E-01 
SOX g/MJ Ethanol 1.42E-01 1.45E-01 1.44E-01 
PM10 g/MJ Ethanol 1.46E-02 1.44E-02 1.45E-02 
PM2.5 g/MJ Ethanol 1.21E-02 1.19E-02 1.20E-02 
Ozone g/MJ Ethanol 8.25E-06 8.10E-06 8.15E-06 
Pb g/MJ Ethanol 3.83E-06 3.79E-06 3.81E-06 
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Air Pollutants Unit Baseline Low Stover 
Case 

High Stover 
Case 

Economic Allocation - Cellulosic Ethanol 
NMVOC g/MJ Ethanol -- 1.74E-02 3.57E-02 
CO g/MJ Ethanol -- 5.93E-02 5.68E-02 
NOX g/MJ Ethanol -- 1.26E-01 2.23E-01 
SO2 g/MJ Ethanol -- 2.15E-01 -1.07E-01 
SOX g/MJ Ethanol -- 2.15E-01 -1.07E-01 
PM10 g/MJ Ethanol -- 7.69E-03 1.36E-02 
PM2.5 g/MJ Ethanol -- 5.87E-03 9.32E-03 
Ozone g/MJ Ethanol -- 2.76E-06 6.48E-06 
Pb g/MJ Ethanol -- 5.38E-06 1.19E-05 
WDGS Displacement of Feeds-GREET Method-Corn Ethanol 
NMVOC g/MJ Ethanol 5.54E-02 5.37E-02 5.41E-02 
CO g/MJ Ethanol 1.89E-01 1.82E-01 1.83E-01 
NOX g/MJ Ethanol 3.08E-01 2.97E-01 2.99E-01 
SO2 g/MJ Ethanol 1.43E-01 1.45E-01 1.44E-01 
SOX g/MJ Ethanol 1.72E-01 1.72E-01 1.71E-01 
PM10 g/MJ Ethanol 1.63E-02 1.58E-02 1.59E-02 
PM2.5 g/MJ Ethanol 1.40E-02 1.35E-02 1.36E-02 
Ozone g/MJ Ethanol 8.99E-06 8.72E-06 8.79E-06 
Pb g/MJ Ethanol 3.12E-06 3.16E-06 3.17E-06 
WDGS Displacement of Feeds-GREET Method-Cellulosic Ethanol 
NMVOC g/MJ Ethanol -- -1.25E-02 3.68E-02 
CO g/MJ Ethanol -- 1.20E-01 6.80E-02 
NOX g/MJ Ethanol -- 2.34E-01 2.82E-01 
SO2 g/MJ Ethanol -- 5.31E-01 -1.67E-01 
SOX g/MJ Ethanol -- 5.31E-01 -1.67E-01 
PM10 g/MJ Ethanol -- 4.21E-03 1.51E-02 
PM2.5 g/MJ Ethanol -- 5.07E-03 1.05E-02 
Ozone g/MJ Ethanol -- -3.32E-06 6.68E-06 
Pb g/MJ Ethanol -- 4.19E-06 1.42E-05 

Source: Edeniq, Inc. 
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Appendix J: Feedstock Sustainability Report 

5.2 Feedstock Sustainability 
5.2.1 Sustainability Context 
Sustainability analysis usually considers whether a system can be supported over time given 
the resources used by that system. Environmental resources, including climate and water, are 
often key concerns given the impact of modern modes of production on these resources and 
the fact that their costs are often not properly accounted for in the cost of the products and 
services that rely on them. 

Section 3101.5 of Title 20 of the California Code of Regulations discusses the sustainability 
goals of the Alternative and Renewable Fuel and Vehicle Technology Program (CEC, 2009). 
The first goal is “…the substantial reduction of greenhouse gas emissions associated with 
California’s transportation system…” (CEC, 2009). Section 5.1 provides a detailed, quantitative 
discussion of the reduction in greenhouse gas emissions that can be achieved by producing 
ethanol from corn stover using Edeniq’s process. Several alternatives to corn stover are 
considered in this section, but a “substantial reduction” can only be achieved through the use 
of feedstocks that are widely available and economically viable. Therefore, corn stover remains 
the leading option for use in cellulosic biofuel processes that can contribute to meeting the 
goals of the Low Carbon Fuel Standard. 

5.2.1.1 Edeniq Evaluation Criteria 

In evaluating various cellulosic feedstocks for use in biofuel production, Edeniq considered a 
variety of factors, including whether the feedstock is available; the environmental impact of its 
use in biofuel production, and particularly its impact on climate through the release of 
greenhouse gas emissions and whether this compares favorably to non-cellulosic feedstocks; 
and whether it can underly a commercially viable production process, thereby helping to 
sustain biofuels production while lowering the impact on resource use. These considerations 
can be summarized as follows: 

1. Available in sufficient quantities to support commercial biofuel production 
2. Low greenhouse gas emissions on a life cycle assessment basis 
3. Limited detrimental impacts on the surrounding ecosystem and its resources 
4. Production economics for growers that are compatible with commercial (i.e. profitable) 

biofuel production 
5. Competitive production economics for biofuel producers 

5.2.2 Cellulosic Feedstocks 
The Energy Independence and Security Act, which is the current basis for the U.S. Renewable 
Fuel Standard, defined cellulosic biofuel to mean a “renewable fuel derived from any cellulose, 
hemicellulose, or lignin that is derived from renewable biomass and that has lifecycle 
greenhouse gas emissions, as determined by the Administrator, that are at least 60 percent 
less than the baseline lifecycle greenhouse gas emissions” (EISA, 2007). The baseline is a 
benchmark fuel, such as gasoline.  
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It is Edeniq’s view that there are several broad classes of cellulosic feedstock that could 
potentially be used in ethanol production in California, including: 

1. Crop residues/waste feedstocks 
2. Energy crops grown specifically for ethanol production 
3. Corn kernel fiber, an agricultural residue already available at ethanol plants 

In general, crops that are grown for food production, and certain crops also grown specifically 
for fuel production such as corn, cannot qualify as cellulosic feedstocks because they are 
assigned significant lifecycle greenhouse gas emissions associated with their cultivation and 
harvesting, in addition to the emissions associated with producing a biofuel from the 
feedstock. However, any part of the crop that is not used directly in the course of food or fuel 
production can be considered part of the crop residue, and many types of crop residue – 
including both corn stover and corn kernel fiber – have received the designation of “cellulosic” 
from the United States Environmental Protection Agency, which administers the Renewable 
Fuel Standards (see EPA, 2014 for a discussion of corn kernel fiber). 

Key drivers of the life cycle greenhouse emissions of a cellulosic feedstock include cultivation 
requirements, local availability (which affects transportation costs), density within a given 
radius, composition (i.e. the potential quantity of fermentable sugars per quantity of feedstock 
harvested), quality (e.g., ash content), and how the feedstock is processed into a biofuel. 

Crop residues have the additional advantage of not requiring the replacement of natural 
ecosystems with additional cropland, in line with the second goal defined under section 3101.5 
of Title 20 (CEC, 2009) and section 44272 (c) (5) of the California Health and Safety Code, 
which discusses the ARFVTP (State of California, 2013). 

Table 67 categorizes a range of cellulosic feedstock options based on their availability in 
California, material composition, commercial potential, and land-use considerations.
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Table 67: Cellulosic Feedstocks 

Category Feedstock California 
availability 

Material 
composition 

Commercial 
potential for 
cellulosic 
biofuels 

Land use 
considerations 
(Strong = low 
impact on land use) 

Agricultural 
residue 

Corn stover Enough for at 
least one 
Edeniq bolt-
on plant in 
California 

Strong* Strong – widely 
available in the 
Midwest and in 

commercial 
production today 

Strong, particularly if 
no more than 25 
percent of stover is 
removed from any 
given field 

Agricultural 
residue 

Almond 
hulls 

Available in 
California 

Weak* Weak – limited 
geographic 
availability 
outside of 
California & lack 
of biofuel 
producer interest 

Likely strong, but more 
research is needed 

Agricultural 
residue 

Sugarcane 
bagasse 

Not available 
in California 

Strong* Weak in 
California; very 
strong in other 
geographies, 
particularly Brazil 

Very strong, as 
sugarcane bagasse is 
generally already 
available at sugarcane 
mills, so there is no 
change in land use 

Agricultural 
residue 

Energy cane 
bagasse 

Canergy has 
announced a 
project in the 
Imperial 
Valley 

Likely strong 
as 
composition 
should be 
very similar to 
sugarcane 
bagasse 

Depends on the 
economics of 
growing and 
processing 
energy cane 
bagasse 

Strong if energy cane 
bagasse is used 
analogously to 
sugarcane bagasse; 
moderate if marginal 
land is cultivated to 
support biofuel 
production from energy 
cane; weak if high-
input farming is 
required to produce 
energy cane for biofuel 
production 

Agricultural 
residue 

Rice hulls Available – 
California is 
the second 
largest rice 
producer in 
the US after 
Arkansas 

Weak* - high 
inorganic 
content is not 
suitable for 
Edeniq’s 
process 

Moderate – 
readily available 
and could be 
appropriate in 
some cellulosic 
production 
processes, but 
will have to 

Likely strong, but more 
research is needed 
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Category Feedstock California 
availability 

Material 
composition 

Commercial 
potential for 
cellulosic 
biofuels 

Land use 
considerations 
(Strong = low 
impact on land use) 

compete with 
other uses such 
as power 
generation 

Wood Wood Available Strong* Strong for new 
stand- alone 
plants; moderate 
as a feedstock 
for bolt-on plants 

Depends on type of 
wood, location, 
alternative uses, etc. 

Energy 
crops 

Switchgrass Some 
research trials 
have been 
completed in 
California 

Likely strong, 
but more 
research is 
needed 

Weak in 
California – high 
land values and 
requires 
expensive 
irrigation to 
achieve sufficient 
yields 

Weak-to-moderate if 
grown on high- value 
land in place of another 
crop; moderate if 
grown on marginal land 

Energy 
crops 

High-
biomass 
sorghum 

At least one 
research trial 
underway in 
the Central 
Valley and 
potential for 
production in 
the Imperial 
Valley 

Likely strong, 
but more 
research is 
needed 

Weak in 
California – high 
land values and 
requires 
expensive 
irrigation to 
achieve sufficient 
yields 

Weak-to-moderate if 
grown on high- value 
land in place of another 
crop; moderate if 
grown on marginal land 

Corn kernel 
fiber 

Corn kernel 
fiber 

Available in 
California, but 
quantity of 
cellulosic 
ethanol that 
could be 
produced 
from in-state 
corn kernel 
fiber is very 
limited 

Strong* Strong, but 
relatively limited 
volume potential 
in California 

Very strong; corn 
kernel fiber is an 
agricultural residue that 
is already available 
inside corn ethanol 
plants and therefore 
requires no additional 
cultivation, harvesting, 
or transportation 

Only potential cellulosic feedstocks are included in this table; in section 2.1.2, Edeniq analyzed 
some additional feedstocks, such as milo and walnut shells, that were found to contain insufficient 
cellulose. Edeniq has completed in-house compositional analysis on feedstocks marked with a 
(*).Higher cellulose and hemicellulose fractions are naturally preferred. (Source: Edeniq, Inc.) 
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5.2.3 California-Specific Feedstock Considerations 
Several California-specific feedstock considerations emerged through conversations with 
industry contacts that are directly involved in the cellulosic feedstock supply chain, including 
discussions with Ceres and NexSteppe, two California-based energy-crop companies. 

Land value: Several industry contacts cited high land values in California and the high price 
of alternative crops as impediments to the development of local sources of feedstock for 
biofuel production. For example, conversations with local suppliers indicated a hay price of 
$255 to 

$280 per ton in California and an alfalfa price of $280 to $307 per ton, depending on the 
season. Therefore, the threshold price needed to induce growers to switch to biofuel crops is 
most likely above the price that can be paid by biofuel producers. 

Irrigation: On-purpose energy crops grown in California will require intensive agricultural 
practices, including irrigation and some degree of fertilization, to achieve high enough yields 
for commercial use. 

Downstream Competition: Cellulosic feedstocks are valuable as a source of animal feed, so 
ethanol producers must be able to compete with the feed industry. In California, the dairy 
industry is a key source of feed demand that can drive up the price of cellulosic feedstocks. 
Because hay and alfalfa prices are so high in California, dairies are considering alternatives 
including corn stover, which drives up its price. Although a positive for growers, this is a 
challenge for ethanol producers. 

Unique Local Cellulosic Feedstock Profile: Corn stover is much less abundant in California 
than in the Midwest; on the other hand, some forms of agricultural residue, such as almond 
hulls, are unique to California within the United States. 

In the remainder of this report, corn stover, switchgrass, almond hulls, and corn kernel fiber 
are discussed in more detail. These four feedstocks were selected to illustrate the importance 
of holistically considering a number of factors, including material composition, availability, 
commercial potential, and land use. 

5.2.4 Corn Stover 
In the US, corn stover has emerged as a leading source of cellulosic feedstock for ethanol 
production because of its favorable composition, wide availability, and because it enables 
growers to derive incremental value from their land but still supply producers with reasonably- 
priced feedstock. Abengoa, DuPont, and Poet-DSM are all using corn stover at cellulosic 
ethanol plants that have been recently completed. Corn stover is available at a reasonable cost 
and supply chain logistics have been developed to support commercial ethanol production. 
Edeniq’s partner, PacificAg, has been a leader in supply chain development for corn stover and 
was recently quoted as saying “the commercial scale harvest is happening.” (Biofuels Digest, 
2014a). 

Corn stover has been Edeniq’s primary focus for its bolt-on technology in the US given its 
availability and composition. In 2013, over 350 million tons of corn were produced in the US 
(Index Mundi, 2014), and stover is produced at a 1:1 ratio with corn on a dry-mass basis 
(Murphy and Kendall, 2013). With appropriate compositional assumptions, this is enough corn 
stover to produce approximately 19 billion gallons of cellulosic ethanol using Edeniq’s process, 
which is above the total amount of ethanol produced in the United States today. 
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California’s ethanol plants have historically relied on imported corn. Although some corn stover 
is available in-state, Edeniq expects that if an in-state producer decides to process corn stover, 
at least a portion of that stover may still have to be imported given the low density of in- state 
production and competition with local feed markets, shown in Figure 201. Only in the case of a 
relatively small bolt-on plant might the producer be able to obtain all the necessary stover 
from in-state sources. There are some data available at quickstats.nass.usda.gov, but some 
interpretation is required given grain corn versus silage, available at 
http://quickstats.nass.usda.gov/results/D6354C85-7467-3830-9310-3608873532B8. 

Figure 201: Corn Stover Availability in California Relative to Midwest 

 

Source: NREL BioFuels Atlas, available at: http://maps.nrel.gov/biomass 

From a compositional standpoint, corn stover generally contains at least 20 percent cellulose, 
which can be efficiently broken down into glucose and then fermented into ethanol using 
Edeniq’s process. 

From a life cycle emissions perspective, corn stover has the advantage of being an agricultural 
residue that does not require on-purpose land cultivation, fertilizer, or other resource-intensive 
agricultural inputs. However, as discussed in section 5.1, the rate at which stover is removed 
from fields can have a significant impact on incremental fertilizer requirements and is thus a 
key driver of its greenhouse gas emissions. 

A 14-farm research study conducted by DuPont in Central Iowa estimated that stover removal 
from fields would cost growers $15 per acre in fertilizer replacement but generate $24 per 
acre in stover income as well as $22 per acre in higher corn yields. The overall economics to 
the grower were estimated to be a net profit of $32 per acre (DuPont, 2014). 

http://quickstats.nass.usda.gov/
http://quickstats.nass.usda.gov/results/D6354C85-7467-3830-9310-3608873532B8
http://maps.nrel.gov/biomass
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The fertilizer replacement cost is the assumed additional fertilizer required to replace nutrients 
removed in harvested stover, which would otherwise be reincorporated into the soil. The 
amount of additional fertilizer needed is related to how the field is currently managed (e.g. 
whether corn is rotated with other crops and whether the land is tilled) and the rate at which 
stover is removed (Biofuels Digest, 2014b). 

In dense, high-yield corn-growing regions such as the Central Iowa location of the DuPont 
study, the stover removal rate needed to support a commercial plant would likely be lower 
than in California. Therefore, an important consideration for feedstock sustainability in 
California requires balancing the transportation cost and emissions of importing corn stover 
from other states against the incremental fertilizer required if stover is removed from California 
fields at a high rate. 

The impact of fertilizer emissions emerged as a key driver of the UC Davis life cycle 
assessment  of ethanol produced from a dry mill corn facility with a bolt-on technology to 
produce ethanol from corn stover using Edeniq’s process (see section 5.1). 

The UC Davis analysis assumed that at a 40 percent harvest rate, supplemental fertilizer would 
be required, but that at a 25 percent harvest rate, no supplemental fertilizer would be 
required. Whereas a 40 percent harvest rate resulted in a 63 percent reduction in greenhouse 
gas emissions relative to gasoline (CARBOB), a 25 percent harvest rate resulted in a 76 
percent reduction, assuming reduced fertilization amendment requirements and a high bolt-on 
capacity (see section 5.1). 

Another key driver of the life cycle assessment  of cellulosic ethanol production from corn 
stover is how lignin is utilized. In Edeniq’s bolt-on model, lignin can either be incorporated into 
distiller’s grains or burned for electricity. In the latter case, lignin offsets a portion of the 
energy required to produce ethanol, significantly reducing the fuel requirement of the ethanol 
plant. Lignin utilization is an important consideration for all cellulosic feedstocks (see section 
5.1). 

A final life cycle assessment  consideration is whether corn stover is pelletized. As PacificAg 
noted, several years ago, most industry players believed that cellulosic feedstock, including 
corn stover, would be pelletized before being processed, but that this is no longer the case 
(Biofuels Digest, 2014a). 

Edeniq has evaluated pelletization and found that its advantages do not outweigh the costs, 
including high variability in compositional quality. See section 2.1.5 for the complete 
discussion. 

A final sustainability consideration for corn stover worth noting is that growers can experience 
crop ecosystem benefits such as improved corn yields, lower pest pressure and reduced 
disease potential when corn stover is harvested from their fields (Biofuels Digest, 2014a). 

Overall, corn stover represents the most widely-available cellulosic feedstock for California. 
Due to its growth and harvesting in natural parallel processes with corn, no additional land 
cultivation is required for the deployment of stover over and above what is already in place for 
corn crops. This summary feature enables stover to be significantly advantaged over a number 
of alternatives, such as purpose-grown energy crops. 
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5.2.5 Switchgrass 
On-purpose energy crops have been proposed as an alternative to corn stover. Energy crops 
can be grown at high density, and crop composition and quality can be improved through 
breeding programs and management, reducing the amount of energy required to process 
these feedstocks into biofuels on a life-cycle basis. However, if productive land and intensive 
agronomic practices – including irrigation – are needed to achieve sufficient yields, then the 
overall greenhouse gas emissions profile of these feedstocks may not be competitive with corn 
stover and other agricultural residues. 

Switchgrass has generated significant interest from the cellulosic ethanol community because 
it is a perennial crop that can be grown on marginal lands with low agricultural inputs and 
would therefore be expected to have a very low greenhouse gas emissions profile as well as 
favorable economics for growers. Switchgrass also has a favorable material composition for 
ethanol processing – i.e. significant cellulose, a low ash (mainly silica) content, and lower 
chloride content as compared with corn stover. 

Switchgrass typically takes three years to become established, however, and is then viable for 
approximately 6 to 10 years, after which the crop must be re-planted. Switchgrass can be 
grown without fertilizer and can withstand high temperatures and drought conditions. Under 
these conditions, however, yields are low: approximately 1-3 tons per acre on desert land and 
6-8 tons per acre on marginal land. Dan Putnam of UC Davis collaborated with Ceres, a 
California-based energy crop company, on irrigated switchgrass trials and reported successful 
establishment and yields of up to 10-15 tons per acre in California (Putnam, 2008). Ceres has 
reported yields of up to 19 tons in California under intense cropping systems (Ceres, 2010). 

The multi-year establishment phase, as well as the intensity of the agronomic practices 
required to achieve high yields, are key gating factors for switchgrass as an energy crop. So 
far, switchgrass remains in the trial/demonstration phase in California, as well as more broadly 
in the United States. 

Because switchgrass requires significant investment on the part of the grower, particularly 
relative to corn stover, the cellulosic ethanol industry will likely need to become much more 
established before growers would consider switchgrass (see Biofuels Digest, 2014a). 

Alternatively, ethanol producers might need to play a more direct role in feedstock investment 
and management to induce growers to plant switchgrass. In the Midwest, some ethanol plants 
are farmer-owned cooperatives; however, California’s ethanol industry is not vertically 
integrated and is therefore unlikely to be an early adopter of an integrated grower-producer 
switchgrass-to-ethanol business model. 

A final consideration for switchgrass is the debate around its potential to be invasive in 
California, where it is non-native. Currently, switchgrass is not defined as an invasive species 
in California (USDA, 2015). 

Energy crops with the most yield potential also tend to be crops that can outcompete other 
plant species, with the potential to become difficult-to-control and expensive weeds (DiTomaso 
et al., 2013). In California, the overall risk of invasiveness is relatively low in both the Central 
Valley (given the normal late-spring germination of switchgrass, when water availability is 
limited) and in the northern part of the state (given colder temperatures) (DiTomaso et al., 
2013). However, this conclusion further reinforces the fact that intensive agronomic practices 
would be required for establishment, offsetting the potential benefits of switchgrass as an 
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energy crop. As noted in 5.2.4 above, this feature is a key difference between energy crops 
and corn stover; the latter is intrinsically advantaged because no additional land cultivation 
(beyond that already in place for corn) is required. As a corollary to this distinction, high land 
values and irrigation requirements (for marginal lands) are significant, practical economic 
barriers to the widespread deployment of purpose-grown energy crops. 

5.2.6 Almond Hulls 
US almond production in 2013 was 911,720 metric tonnes (IndexMundi, 2014), 100 percent of 
which was cultivated in California (Almond Board of California, 2013). Overall, California 
accounts for 80 percent of almond production, globally (Almond Board of California, 2013). 
The hull is about 50 percent of the weight of the almond on average; the shell and the hull 
together are 85 percent of the weight on average (Godini, 1984). Assuming both the hulls and 
shells are used as a feedstock, this represents an approximate 775,000 tonne feedstock 
opportunity. 

Today, the majority of almond hulls are used as a feed product for the dairy industry, and the 
majority of almond shells – which are similar to hard wood – are burned as a source of 
biomass fuel. Almond shells can be also used as a filler in laminate board or fiberboard, or as a 
bedding product for the dairy industry (Agra Marketing Group, 2013).To consider the potential 
of this source from an life cycle assessment  perspective, an almond hull life cycle inventory 
was created using the results of a detailed life cycle study of California almond production as 
documented in Kendall et al. (under review), and was calculated by Elias Marvinney. Almond 
hulls are generated as a co-product at the hulling and shelling stage of almond processing and 
are an important revenue stream, constituting 49 percent of the mass of material generated 
by hulling and shelling and providing an important revenue stream for hulling and shelling 
operations. An economic allocation process was used to partition the environmental flows 
between almonds, almond hulls and the other co-products generated at the hulling and 
shelling stages. 

The following life cycle inventory, shown in Table 68, was generated using the above methods. 
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Table 68: Life Cycle Inventory for 1 kg of Almond Hulls Based on Economic 
Allocation 

Pollutant Per kg Almond Hull 

CO2 (kg) -1.78E-03 

N2O 8.93E-05 

CH4 4.46E-04 

SF6 8.24E-10 

Total Energy (MJ) 1.17E+00 

Fossil Energy (MJ) 1.16E+00 

Renewable Energy (MJ) 1.35E-02 

PM2.5 3.26E-04 

Ozone 1.02E-06 

Pb (air) 1.17E-08 

NMVOC 1.57E-02 

CO 1.02E-03 

NOX 2.42E-04 

SO2 1.19E-02 

Source: Edeniq, Inc.  

Although almond hulls are available in California, however, their cellulose content – and 
particularly their available glucose – is insufficient to support their development as a feedstock 
for Edeniq’s process. (See the analytical characterization included in Section 2.1.2 and the 
processing characterization included in Section 2.1.3. of the earlier report.) The primary 
conclusion for this candidate feedstock therefore remains that it does not yield a suitable 
composition profile to enable profitable deployment as a biofuel feedstock. 

5.2.7 Corn Kernel Fiber 
Corn kernel fiber is a final class of cellulosic feedstock. Corn kernels contain up to 13 percent 
cellulosic fiber that currently remains unconverted in an ethanol plant and ends up in the 
byproduct distiller’s grains, but provides no nutritional content, and thus little value, as animal 
feed. A portion of this fiber can be converted to ethanol, resulting in an approximate 2 to 3 
percent lift in ethanol production. Edeniq has developed a technology, called Pathway, to 
convert this fiber into cellulosic ethanol. While a complete life cycle assessment  of Pathway 
has not yet been completed, the EPA has determined that corn kernel fiber is a cellulosic 
feedstock, as defined by the Renewable Fuel Standards, and Edeniq expects the life cycle 
assessment  profile of Pathway to be very attractive, as no incremental cultivation, collection, 
or transportation is required. 
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In the US overall, Pathway’s volume potential is in the range of 300 million gallons of cellulosic 
ethanol and the technology can help the industry migrate toward less-carbon-intensive, but 
more profitable, ethanol production and thus increase the sustainability of the industry. 

In California, Pathway’s volume potential is limited by the size of the existing ethanol industry: 
there are four operational corn ethanol plants in the state representing approximately 220 
million gallons per year of capacity, so Pathway’s local volume potential is likely in the range of 
4 to 7 million gallons per year of cellulosic ethanol. Moreover, the majority of the corn 
processed by California’s plants is imported from the Midwest, limiting the quantity of in-state 
corn kernel fiber that can be processed by the state’s ethanol plants. 

Like corn stover, corn kernel fiber (as a biofuels resource) does not require additional land 
cultivation or irrigation investment beyond what is already in place for the farming and 
harvesting of corn. As it adds predominantly cellulosic value to the current, conventional 
biofuel capacity (i.e., from starch and its derivatives), corn kernel fiber is an ideal 
supplemental resource that Edeniq has pursued via its Pathway technology offering – as 
reflected by the Environmental Protection Agency action that appropriately designated the 
cellulosic nature and value of this feedstock class.
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Appendix K: Economic and Commercialization 
Analysis Report 

5.2 Economics and Commercialization 
Capital cost and feedstock cost are two of the largest costs associated with ethanol production 
facilities. Section 5.2 concluded that corn stover is a more attractive feedstock for biofuel 
production in California relative to energy crops. Therefore, this section focuses primarily on 
the economics of producing cellulosic ethanol from corn stover at dry mill ethanol facilities 
primarily producing starch-based ethanol. These small capacity bolt-on facilities leverage 
existing utility and process infrastructure of the ethanol plant to minimize capital and operating 
costs while maintaining a scale appropriate for regionally available feedstock sources. The 
economics of the bolt-on cellulosic facilities are therefore superior to developing a stand-alone 
cellulosic ethanol facility in California primarily due to capital investment and regional 
feedstock availability. 

5.2.1 Edeniq Bolt-on Plant 
The capital cost for cellulosic ethanol production can be significantly reduced by integrating or 
“bolting on” a cellulosic ethanol plant to an existing ethanol production facility.  This reduces 
the capital cost requirement significantly. The key consideration for such a bolt-on facility is 
access to inexpensive biomass and use of residual solids within co-product specifications. In 
the Feedstock Sustainability Report, Edeniq identified corn stover as an attractive feedstock for 
cellulosic ethanol. While larger bolt-on designs will likely be more attractive in the Midwest 
where corn stover is available in huge quantities, Edeniq has evaluated a smaller bolt-on 
design for California where corn stover has more limited availability. 

5.3.1.1 Bolt-on Process Design 

A block flow diagram for Edeniq’s process for integrating corn stover conversion to cellulosic 
ethanol into an existing ethanol plant is shown in Figure 202. 
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Figure 202: Edeniq’s Bolt-On Process to Integrate Corn Stover Conversion into an 
Ethanol Plant 

 

Source: Edeniq, Inc. 

In this process, corn stover is sustainably harvested and baled. Edeniq has a partnership with 
Pacific Ag to manage the stover collection logistics. Similar for the stand-alone process, the 
bales are shredded, ground and sieved to remove dirt. Recycled water from the ethanol plant 
is combined with corn stover using Edeniq’s proprietary mechanical hydration technologies. 
The resulting hydrated slurry is further mechanically pretreated using the Cellunator and then 
thermally pretreated to enhance enzyme accessibility to the fibers without acid, base, or 
chemical additions. The pretreated stover is saccharified with a cocktail of enzymes that is 
optimized for maximizing the conversion of cellulose to cellulosic glucose. These cellulosic 
sugars are separated from the residual stover solids, which are used to supplement the plant’s 
co-products and energy conversion utilities. The resulting cellulosic sugars and corn starch 
sugars are fed directly into the fermentation vessels where both the glucose from the stover 
and the corn starch are simultaneously co-fermented to ethanol. The separation section from 
the existing ethanol plant is utilized to distill all the ethanol and recover all the residual solids 
for animal feed. In the low stover case, the bolt-on facility processes about 4 percent stover of 
the total feedstock dry mass (i.e., corn and stover). Further, all of the residual stover solids 
are mixed with the residual distiller’s grains and solubles as the modified distiller’s grains and 
solubles. The limitation on the stover fraction is set to maintain the market-based protein 
concentrations (e.g., 31 percent protein including corn and yeast mass protein). In the high 
stover case bolt-on facility processes, about 20 percent of the total feedstock is stover and the 
residual solids are split between the modified distiller’s grains and solubles co-product and a 
boiler feed. The soluble components (e.g., xylose and xylan oligomers) pass to the modified 
distiller’s grains and solubles and the insoluble components of the residual stover, primarily 
lignins, are processed to the boiler to displace natural gas fuel. 
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5.3.1.2 Bolt-on Process Economics 

As stated above, a key limitation on the design of a stover bolt-on in the configuration in 
Figure 202 is that the animal feed co-product remains within specification. This consideration 
limits the production of cellulosic ethanol from corn stover to about 1 to 6 percent of the total 
plant’s ethanol capacity. Thus, a typical 60 million gallon per year ethanol plant in California 
could produce 1 to 4 million gallon per year of cellulosic ethanol. We will consider two of the 
options described in the Section 5.1 Life Cycle Analysis Report. Both configurations are 
analyzed under a feedstock displacement scenario, in other words constant ethanol 
production, such that the corn kernel feedstock was reduced. 

1. Baseline Case: A typical California based 60 million gallons per year facility is modeled 
using corn as the feedstock and operating at a baseline performance of 2.7 gal per 
bushel. All of the co- product animal feed is modified distiller’s grains and solubles 
without drying to minimize carbon footprints. Baseline energy consumption is about 
0.56kWh/gal ethanol for electricity and 0.02 MMBtu/gal for natural gas. Using an 
estimated capital cost of $2/gal installed capacity, corn costs of $6/bushel, ethanol 
prices of $2.25/gal, MDGW prices equal to corn by mass, electricity costs of $0.10/kWh, 
natural gas costs of $4/MMBtu, and typical labor, maintenance, conventional enzymes, 
water, and other prices, the simple payback is estimated at 4.1 years for this facility. 

2. Pathway Case: The first modification to the facility is the installation of Edeniq’s 
generation one technology, Pathway, which provides the facility with a performance 
improvement up to 2.82gal/bushel resulting in about 4.8 percent less corn at a constant 
ethanol production rate in comparison to the Baseline case. Pathway increases the 
availability of starch and addresses a fraction of the corn kernel cellulosic fiber to 
provide this performance. For simplicity, this entire boost in performance is assumed to 
be non- cellulosic because Pathway is outside the scope of this effort. Removing 
additional starch and corn kernel fiber from the modified distiller’s grains and solubles 
also provides a boost in the protein content of about 8-9 percent, which is not high 
enough to support an increase in market-based value as a co-product. The incremental 
cost of this equipment is about $2M and the incremental margin for the facility is about 
$1.3M, which resulted in about a 1.5-year payback without federal or state cellulosic 
credits. 

3. Low bolt-on Case: In the low stover case about 3.5 percent of total feedstock to the 
facility by dry mass is from California corn stover, and the remainder is from Midwestern 
corn. Approximately 50 dry ton per day of stover is consumed. The facility is modeled to 
include the additional processing steps that receive and convert corn stover into 
supplemental cellulosic sugars and residual solids. The capital cost of this incremental 
equipment ranges from $5M to $10M depending on various assumptions and the degree 
of available utilities from the existing facility. The constant ethanol scenario allows 
analyses without downstream impact to the capital cost or capabilities of the baseline 
plant and with the baseline assumptions of 70 percent glucan conversion approximately 
0.72 million gallons per year of cellulosic ethanol is produced and 5.6 percent less corn 
is consumed. Although 50 percent of the xylan is converted to xylose no ethanol 
production is assumed, because conventional yeast fermentations for glucose only are 
used. With the baseline costs and prices, the incremental margin for the facility is 
increased by $3.8M/yr. and using the $10M capital cost results in a 3.1yr payback. 
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4. High bolt-on Case: In the high stover case about 16.7 percent of total feedstock to the 
facility by dry mass is California corn stover, the remainder is Midwestern corn grain. 
Approximately 280 dry ton per day of stover is consumed. The facility is modeled to 
include the additional processing steps that receive and convert this stover into 
supplemental cellulosic sugars and residual solids. The capital cost of this incremental 
equipment ranges from $10M to $20M depending on various assumptions and the 
availability of existing utilities. Again, the constant ethanol scenario allows the 
assumption of no downstream impact to the baseline plant. With the 70 percent glucan 
conversion assumption, 3.6mgpy of cellulosic ethanol is produced and 9.2 percent less 
corn kernel are used. Since the high stover case yields much greater quantities of 
residual stover mass, the residual fiber’s suspended solids mass (primarily lignin in 
composition) is combusted in a boiler, displacing natural gas demand in the boilers, and 
the residual fiber’s dissolved solids mass (primarily non-fermentable xylose from 
hemicellulose) is added to the wet distiller’s grains and solubles in the post fermentation 
solubles stream. Using the baseline costs and prices the incremental margin for the 
facility is increased to $4.5M/yr. and using the $20M capital cost results in a 4.9-year 
payback. 

The process economics for these bolt-on designs, shown in the Table 69, represent a nominal 
60 million gallons per year ethanol plant in California. The incremental capital costs to add 
Edeniq’s pretreatment and saccharification processes for these two scenarios is estimated at 
$10 million and $20 million, low bolt-on and high bolt-on, respectively with an estimate 
accuracy of +/-30 percent. These represent relatively high capital costs per cellulosic gallon of 
$14/gal and $5.6/gal, respectively, due to the glucose only conversion (i.e., no xylose 
fermentation) and the smaller capacity of the equipment. 
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Table 69: Operating Costs and Payback for Bolt-on Corn Stover Scenarios 
  Baseline Pathway Low Bolt On High Bolt On 

Capital Cost, $M     

 Baseline Plant 121 121 121 121 

 Pathway  2 2 2 

 Bolt On   10 20 

 Total Capital Cost 121 123 133 143 

Revenues, $M/y     

 Ethanol 137 137 137 137 

 Regulatory Incentives 0.0 0.0 0.9 4.3 

 MDGS 40.4 35.4 38.1 37.1 

 Total Revenues 177 172 175 178 

Operating Cost, $M/yr.     

 Corn Feedstock 135 129 128 123 

 Stover Feedstock   1.2 6.9 

 Natural Gas 4.5 4.6 4.7 3.5 

 Electricity 3.0 3.2 3.7 4.8 

 Other Costs** 4.3 4.3 4.7 5.8 

 Total Operating Costs 147 141 142 144 

Margins, $M     

 Total 29.7 31.0 33.5 34.2 

 Incremental  1.3 3.8 4.5 

Payback, yrs.     

 Total 4.1 4.0 4.0 4.2 

 Incremental 0.0 1.5 3.1 4.9 

* All utility and operating costs are representative costs and values for California markets 
designed to provide a relative comparison of potential economic; specific market conditions 
will have strong impacts on economics. 

** Other costs include enzymes (AA, GA, cellulases), chemicals, water, labor, maintenance, 
etc. 

Source: Edeniq, Inc.
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Specific plant capacities and utilization could lead to as much as 30 percent reduction in capital 
expense thus lowering the plants payback period and, in some scenarios, the incremental cost 
could be half the baseline estimate. The major opportunity with the high bolt-on is the 
significant decrease in carbon intensity through the value of being able burn the excess solids 
and minimize the overall energy footprint of the ethanol plant by needing less natural gas to 
operate. 

These economics represent one set of target costs and values for the many variables that 
drive these economic trade-offs. A series of various assumptions was evaluated to establish 
the range of potential economics. These variables included the cost of stover feedstock from 
70 to 100 $/ton, the cost of corn feedstock from 5 to 7 $/bushel, the bolt-on capital cost from 
50 percent to 100 percent of the target estimate, and finally the value of the regulatory 
incentives for cellulosic ethanol was varied from $0.8/gal to $1.5/gal. These incentives are 
intended to reflect a combination of federal D-3 renewable identification numbers and 
California low carbon fuel standard credits. Figure 203 illustrates the impacts of these modified 
assumptions for the Pathway, low bolt-on, and high bolt-on cases. 

Figure 203: Comparison of Various Economic Assumptions for Bolt-on Facilities 

 

Source: Edeniq, Inc. 

The Pathway case, which for simplicity assumed no regulatory incentive values for cellulosic 
ethanol, only illustrated a change in economics when the price of corn was varied. For the two 
“bolt-on” cases, the first three columns in each case (i.e., solid blue, red and green) reflect the 
increasing cost of stover, which increases the payback period for the low bolt-on case from 3 
to almost 4yrs. More dramatically is the impact on the high bolt-on case, which jumps to a 
14yrs at 100$/ton. If the capital cost is half of the target estimate, these paybacks drops in all 
three cases by 50 percent, as shown by the next three shaded columns. The impact of 
regulatory incentives as low as $0.8/gal and high as $1.5/gal are shown in the next four 
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columns, including both capital cost assumptions. Finally, the impact of corn prices is shown 
with the last two columns of each case. In these cases, the higher priced corn improves the 
bolt-on economics as expected. 

The low bolt-on case resulted in typical paybacks between 2-4 years with minimal impact from 
stover pricing and greater impact from the baseline cost of corn and level of regulatory 
incentives. The high bolt-on case resulted in typical paybacks between 2-8 years but 
demonstrated a much greater negative impact with higher stover prices at $100/ton which 
approached 14 years. These results indicate that the bolt-on options can be attractive in the 
near term with existing market prices and limited regional feedstock availability. 

5.3.1.3 Bolt-on Commercialization 

As discussed above, a bolt-on strategy is most attractive where inexpensive biomass is located 
near the ethanol plant and where feedstock availability is preferably within a 50-mile radius of 
the plant for transportation cost minimization. Edeniq is pursuing the bolt-on strategy first in 
Brazil where feedstock costs are quite low. Sugarcane bagasse and sugarcane straw have a 
value around $45/ton, substantially reducing feedstock costs and already available at the plant 
site. Edeniq is building a 10 ton per day sugarcane bagasse to ethanol demonstration facility 
with its partner Usina Vale in Brazil. After demonstrating the scale-up of its technology with 
bagasse, Edeniq plants to run the demonstration plant on corn stover. This will enable Edeniq 
to design commercial bolt-on units for ethanol plants in California and the rest of the United 
States. 

5.3.2 Stand-alone Energy Crop-based Biorefineries 
In Edeniq’s Task 5.2 Feedstock Sustainability Report, Edeniq concluded that it would be 
another 5 years or more before on-purpose energy crops might be used for conversion to 
ethanol at stand-alone cellulosic ethanol plants. Edeniq has evaluated the viability of using its 
cellulosic biomass conversion technology developed under this project for the production of 
cellulosic ethanol from available biomass in California. 

5.3.2.1 Stand-alone Energy Crop Biorefinery Process Design 

A block flow diagram for Edeniq’s process for converting biomass to cellulosic ethanol in a 
stand-alone facility is shown in Figure 204. The biomass is collected from the fields and stored 
at the plant site in bales. In the preprocessing section, the bales are shredded and ground to 
reduce particle size and sieved to remove fine particles containing dirt. Water is added to the 
biomass with Edeniq’s proprietary mechanical hydration equipment and then pretreated with 
the Cellunator. A brief heat soak completes pretreatment. In the saccharification section, a 
cocktail of cellulases are added and the biomass is converted to sugar in continuous reactors 
that also extract the sugars on a continuous basis. After saccharification, in the solid-liquid 
separation section, the lignin-rich solids are recovered and processed to a boiler to burn for 
energy, a large portion of the enzymes are recovered and recycled, and a solids-free aqueous 
solution of cellulosic sugars is passed to fermentation. Yeast designed to ferment cellulosic 
sugars is added to the cellulosic sugar solution and both the glucose and xylose sugars are 
fermented to ethanol. Finally, the ethanol is distilled to produce the cellulosic ethanol product 
and water is recovered and recycled. 
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Figure 204: Edeniq’s Stand-Alone Biomass to Ethanol Biorefinery 

 

Source: Edeniq, Inc. 

5.3.2.2 Stand-alone Energy Crop Biorefinery Process Economics 

Edeniq has evaluated the economics for this stand-alone larger capacity of plant. Industry 
sources indicate that today the cost to supply biomass in California will be about $100 per ton 
and the value of cellulosic ethanol in California to be $3.25 per gallon including D3 renewable 
identification numbers and low carbon fuel standard carbon credits. With these inputs, Edeniq 
has estimated the economics for such a stand-alone plant as shown in Table 70. 
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Table 70: Stand-alone Facility - Economics 

Capital Cost, $M  

 Facility 169 

Revenues, $M  

 Ethanol @$3.25/gal 97.5 

Operating Costs, $M  

 Feedstock @100/ton 46 

 Energy costs 11.5 

 Other 22.8 

 Total Cash Costs, $M 80.3 

Margin, $M 17.3 

Payback Period, years 9.8 

Source: Edeniq. Inc. 

Although this facility has the advantage of increased scales in comparison to the smaller bolt-
on facilities and both glucose and xylose conversions to ethanol, the additional equipment for 
fermentation, distillation, water recovery and management, utilities, and infrastructure results 
in a capital cost that is estimated at $169 million, or $5.60 per gallon of annual capacity. This 
is much lower than other cellulosic ethanol projects of similar capacity which have been 
reported at about $10 per gallon of annual capacity. The investment risk was greater for this 
stand-alone facility with a capital cost of about $170M vs the less than $20M for the bolt-on 
cases.  The capital cost for such a plant will be highly dependent on location. Such a plant 
must be located near (within a 50-mile radius) the feedstock to avoid excessive transportation 
costs. The extent of existing infrastructure near the site location can have a major influence on 
the capital cost and operational costs of the plant. 

The ethanol revenue is highly dependent on the price of crude oil, which governs gasoline and 
ethanol pricing, and the values for cellulosic ethanol incentives such as D3 renewable 
identification numbers and California low carbon fuel standard credits. In the table above, a 
price of $3.25/gallon was used This price can swing plus or minus $1.00 per gallon causing 
revenues to fluctuate significantly, though hedging strategies can mitigate this risk. 

Edeniq estimates that under the current state of technology and the market, such a stand-
alone plant would only provide $17 million per year in pre-tax cash flow resulting in a nominal 
payback period of about 10 years. This simple analysis shows that such a plant is not 
financially attractive without further financial subsidies. 

Edeniq expects that such plants will become profitable over time with further technological 
enhancements. The feedstock is the major operating cost, accounting for over 50 percent of 
the cash cost. This cost could improve over time. Enhancements in energy crop strains to 
increase biomass yields per acre and reduce water consumption may reduce the cost by 20 
percent to $80 per ton in California longer term. Edeniq expects that improved yeasts will be 
able to readily ferment cellulosic sugars to ethanol in the presence of solids, improving overall 
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yield by 8 percent. Edeniq further expects improvements in enzymes, lowering enzyme costs 
by as much as 50 percent and increasing conversion thereby improving overall yields by 
another 7 percent. The combination of these improvements have the potential to reduce cash 
operating costs by 27 percent to $58.5 million/yr., improving operating margin to $39 
million/yr. and reducing the payback period to a more attractive 4 years. 

5.3.2.3 Stand-alone Energy Crop Biorefinery Process Commercialization 

Based on the above analysis, Edeniq believes stand-alone energy crop biorefineries will not be 
economical in the near future without significant financial subsidies. 

5.3.3 Corn Kernel Fiber 
Corn kernels contain up to 10–13 percent cellulosic fiber that currently remains unconverted in 
an ethanol plant and ends up in the byproduct distiller’s grains, but provides no nutritional 
content, and thus little value, as animal feed. Edeniq has developed a technology, called 
Pathway, to convert this fiber into cellulosic ethanol. The technology is integrated directly into 
existing ethanol plants, so the capital cost and payback period are very low relative to other 
cellulosic biofuel technologies. Furthermore, no expansion in the plant footprint or incremental 
feedstock is required. 

To implement the Pathway process, Edeniq’s proprietary high-shear pretreatment equipment, 
called Cellunators, are installed downstream of the slurry mix tank, prior to liquefaction in a 
corn ethanol plant. Pretreatment with the Cellunators has two major benefits. First, starch 
particles are pretreated, allowing the starch-based enzymes to achieve a greater conversion to 
fermentable sugar. Second, the Cellunators mechanically pretreat the cellulosic fiber from the 
corn kernels to prepare the fiber for conversion to sugar. Unlike the bolt-on technology, the 
cellulase enzymes are then added to the fermentation vessels to convert a small fraction (e.g. 
20 to 40 percent) of the mechanically pretreated corn kernel cellulosic fiber to sugar, which is 
immediately fermented to ethanol by the yeast in the fermentation vessel. 

Edeniq is proceeding with commercialization of the Pathway technology in 2015. Edeniq is in 
discussions with the California ethanol plants and one of them could be among the first to 
commercially deploy the technology this year. Edeniq believes that customers that implement 
Edeniq’s Cellulosic Pathway for processing the corn kernel fiber in-situ with the starch-based 
sugars will be the first customers for the incremental bolt-on facilities. Incremental addition of 
technology elements such as the Cellunators support process improvements such as Pathway, 
which in turn support staged economic paybacks that in turn support additional improvements 
such as the bolt-on facilities. 
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